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ABSTRACT

Caixach, Ariadna. M.S., Purdue University, August 2015. Energy-Efficient Hotel Design
In Cerdanya: A Case Study For Ideal Design And Technology Combinations. Major
Professor: Mark Shaurette.

Hotels are among the highest in the commercial building sector regarding energy
consumption, both electricity and fuel uses, and they are significant contributors to
GHGs emissions to the atmosphere. This growth is in constant conflict with climate
policy targets and also from energy-efficiency and economic savings’ views. The project
aims to define a guideline for the ideal combination between some bioclimatic building
design parameters and the adoption of active energy technology, a photovoltaic solar
system. Since the objective is obtaining real values and consumptions for proper
analysis, performing the energy simulations in a specific location is necessary. The
chosen location is Cerdanya (Catalonia, Spain). In this region, tourism is the major key
for socio-economic progress and the location is a potential candidate site for the 2026
Winter Olympic Games, so new hotels or renovations would be needed. Furthermore,
this location enjoys a Subalpine climate while having a high annual amount of sunshine,
making it such an interesting case to study.
After the research, it can be clearly stated that there is a correlation between the
chosen bioclimatic factors and the final energy consumption. Including most or all of
these and investigating the appropriate adjustments or values can be beneficial for the
net energy consumption in hotel buildings in this region.
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CHAPTER 1. INTRODUCTION

This chapter introduces an overview to this study by presenting the problem
statement and associated research questions. The chapter also includes the scope,
significance and key definitions of this research and concludes by defining the
assumptions, delimitations and limitations.

1.1

Problem Statement

The growth of conventional energy consumption is rapidly increasing every day.
According to U.S. Green Building Council (USGBC), non-residential and residential
buildings consume around 70% of the electricity bundle in the United States. On the
other side of the Atlantic, the numbers are less but yet significant, representing a
consumption of 40% and a potential saving exceeding the 20% (Directive 2010/31/CE
on the Energy Efficiency of the Buildings of the European Parliament, 2010).
The services demanded by buildings such as lighting, heating, cooling, water
heating, electronics, cooking and so on, require significant energy use per year, about
40 quadrillion BTUs (quads) so energy consumption in buildings has been growing over
time. The report “Building and Climate Change” (USBGC, 2011) estimates that energy
use in the sector will increase and then it will cost $430 billion per year. On the other
hand, in Spain, the prediction shows that it will rise by 2.4% annually (Spanish Ministry
of Energy, 2011) and mentions that the country is among the highest in electricity price
in the European Union and has experienced one of the largest increases in recent years.
Spain has soared 74.5% since 2007 to 175.2 euros per megawatt hour (Benito, 2013).
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Furthermore, this country, among others, also has to import more than 80% of its
primary energy in a context of economic crisis where prices increase and keep
changing. In the short and medium term, energy efficiency and saving is therefore
presented as the best alternative to meet these challenges and be instrumental in
optimizing the use of scarce and expensive energy.
The impacts of that energy — particularly fossil-fuel-generated electricity — on the
environment are also substantial. The most significant factor for carbon released to the
atmosphere is the emissions of CO2 mostly attributable to buildings. Buildings have a
median life service of 50 to 100 years and they unceasingly consume energy and emit
CO2. According to the United Nations Intergovernmental Panel on Climate Change,
global warming is real, and it is mainly the result of a rise in greenhouse gas emissions
(GHGs) and their concentrations in the atmosphere. Warming of the climate system is
likely to lead to severe weather events becoming more frequent and unpredictable
(IPCC, 2013). Therefore, energy saving and resource conservation in the building sector
“is one of the best strategies for meeting the challenge of climate change because the
technology to make substantial reductions in energy and CO2 emissions already exists”
(USGBC, 2011, p.2).
Within the field of the building sector, hotels are mostly the principal energy and
resources consumers among commercial-service buildings. This is due their operation
basis, the variety of facilities and uses, and often thoughtless energy use by their
passenger guests. For instance, in the Mediterranean countries, hotels are responsible
for about one-third of their total energy demand. In the UK, in USA, and in France, it is
lower, but yet significant, respectively, 18%, 16% and 14% (Dascalaki & Balaras, 2004).
Most of this energy use is based on fossil fuels, compared with generated through
renewable sources’ energy. Since energy use is generally linked to GHGs emissions, it
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is believed that energy conservation and more sustainable activities will result in an
important reduction in the energy use and the carbon footprint from hotels. Achieving
substantial and rapid emissions reductions is challenging but action is necessary in view
of the widely known situation in our world. For instance, the European Environment
Agency (EEA) has declared a new appraisal of climate and energy policy objectives for
2020. Broadly, it focuses on a 20% reduction of the GHGs emissions compared to
1990, a 20% share of renewable energy, and a 20 % increase of the EU's energy
efficiency in the European Union (EEA, 2013, p.10).
This concludes that energy efficiency and mitigations of CO2 emissions must be
enabled, and the accommodation in tourism sector is very significant in fostering this
environmental and economic sustainable development.

1.2

Research Questions

The research questions to this project are:
•

Do bioclimatic criteria, such as shape, orientation, and envelope, influence
the energy demand of a hotel building for the Subalpine climate of
Cerdanya?

•

What are the best combinations among the above parameters along with
the use of active solar technology system with the aim of achieving greater
energy-efficiency in a specific hotel profile in Cerdanya?

•

Do technological solar contribution and insulation requirements in the
Spanish/Catalan building code affect these combinations on sustainability
and energy savings?
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1.3

Scope

This research is focused on defining the ideal combination between some building
design parameters, following bioclimatic or passive criteria, and the adoption of active
solar technology. The final energy consumption for one year in the planned
combinations is analyzed through the help of Autodesk Revit © and Autodesk Green
Building Studio © software.
The chosen location to perform the research is the Cerdanya region, in the Catalan
Pyrenees, Spain. In order to perform simulations in a specific location it is necessary to
obtain real values and consumptions, so data such as specific average solar irradiation
is needed. In conclusion, the dependent variable of this study is the annual energy use
of the hotel building combination. The independent variables are divided into two
categories: Assumed values and simulated values. These are:
(1) Assumed values:
(1.1) Hotel profile, described later.
(2) Simulated values:
(2.1)

Orientation.

(2.2)

Building shape: Shape and number of floors (Surface area to Volume

ratio, S/V ratio).
(2.3)

Building envelope: % Glazing (window-to-wall ratio, WWR) and heat

transfer or U-value.
(2.4)

Active technology: Solar energy for Domestic Hot Water (DHW), solar

cells area surface m2.
The hotel profile, which will serve as a prototype to perform the simulations is
chosen once an explanatory and thematic research in the hotel industry of Cerdanya is
done. The result of this research consists of a table that can be found in Appendix A. It
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comprises hotel category, price per night, number of floors and guest rooms, if it offers
family rooms, suites and ensuite bathroom, if it has a restaurant, which services offers
(such as Wi-Fi, games room, ski storage, gym, and so on), and finally the distance to the
ski slopes and Puigcerdà, Cerdanya’s main city. Furthermore, a typological study of the
hotel buildings is also presented to help defining the morphologic characteristics of the
hotel prototype and used as assumed values. The data and results of this study are
shown in Appendix B.
On the other hand, when defining the prototypical hotel, it should also be taken
into account the Catalan Decree 159/2012 of tourist accommodation. It presents the
minimum technical requirements for hotels for this region in Spain. For instance, the
minimum useful surface area of different parts of the hotel. A summary table of these
Decree’s standards and calculations for the different areas’ surface and facilities of the
prototype hotel is found in Appendix C.
In conclusion, after this study and research the characteristics of the hotel profile
which will serve as a prototype to perform the simulations are:
(1) 3-star hotel.
(2) 50 guest rooms with ensuite bathroom:
(2.1) 40 double-rooms with a useful surface area of 14 m2.
(2.2) 10 family-rooms with a useful surface area of 22 m2.
(2.3) Ensuite bathrooms with a useful surface area of 4m2.
(3) Services and facilities:
(3.1) Elevator.
(3.2) Restaurant with a maximum occupancy of 80 people and with a mean
useful surface area of 120 m2.
(3.3) Kitchen with pantry of a 45 m2 of mean useful surface area.
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(3.4) Bar with occupancy of 30 people and a mean useful surface area of 45
m2.
(3.5) TV and games room of a mean useful area of 50 m2 for 33 people.
(3.6) Ski storage room with a mean useful surface area of 16 m2.
(3.7) Gym with a mean useful surface area of 43 m2.
(3.8) Reception and office with a mean useful area of 38 m2.
(4) Equipment needed: HVAC (Heating, ventilation and cooling), water heater,
lighting, computing, and kitchen appliances. Same efficiency or power density.
The HVAC is chosen through the Autodesk database, a central VAV, HW Heat,
boilers 84.5 eff.
(5) Non-habitable sloped roof finished with slate tiles (dark gray opaque color)
onto battens. The reason for the choice of the sloped roof is to prevent the
accumulation of snow. The Spanish building regulation (CTE, Código Técnico
de la Edificación) dictates a minimum slope of 60% for this type of roof.
(6) Clear, double-pane windows.
(7) Use of solar energy from photovoltaic panels or solar cells. Additionally, the
energy types used are electricity, and gas natural for heating combined with a
gas boiler.
(8) Average occupancy density level m2/person and use of the different spaces.
In conclusion, the final number of combinations between these variables is
ninety (90), and they can be found in the matrix of the Appendix G.

1.4

Significance

Designing a building with the purpose of saving energy cuts down both economic
costs and GHGs emissions. From the economic point of view, the reason is that the
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costs are reduced because throughout all the useful life of the building consumes less
energy. Therefore, the initial investment is compensated. On the other hand, since there
are also fewer CO2 emissions in the life service of the construction, it benefits the
environment and society welfare as well. Several researchers have demonstrated that
the passive or bioclimatic design parameters such as shape and orientation have
significant impact on energy-saving, in both construction and energy costs. As
Morrissey, Moore, and Horne (2010, p.569) clearly point out, “in most climates, design
which leads to the provision of thermal comfort by passive means will reduce the active
control requirements, and assuming equal occupational requirements, provides for a net
reduction in energy use”. Thus, in this case, it is in the very first phase of the

construction design when it is ideal to decide which sustainable strategies are the
best to implement (Pacheco, Ordóñez, & Martínez, 2012, p. 3560). Otherwise,
approximately 78% of the total energy used comes from its operational phase assuming
50 years of life (Rosselló-Batle, Moià, Cladera, and Martínez, 2010). As a result, apart
from the importance of taking into account the above design criteria, it is during the
operational phase where it is possible to achieve bigger reductions in energy use,
because renewable energies and efficient technologies or equipment could be used
then. This will help to reduce energy use in hotel buildings already built while enhancing
active systems to capture energy such as solar and, technological measures such as
energy-efficient lighting or HVAC energy-efficient equipment. It should be also
mentioned that the adoption of active systems in new buildings’ design phase should be
planned too. Either because compliance with the requirements of comfort might fail to
achieve the optimization only through bioclimatic architecture or either because it
reinforces the energy savings, and helps to reduce the use of fossil fuels.
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Secondly, the significance of applying these criteria to the hotel sector has been
seen in the Problem Statement section, mentioning that hotel facilities rank among the
highest in terms of energy use in the tertiary sector. According to the World Tourism
Organization (UNWTO), since the consolidation of mass tourism in the mid-twentieth
century, the practice of tourism has done nothing but increase. In parallel, the problems
stated will continue to grow up if more attention and efforts are not given.
Tourism is at the present one of the economic sectors with the best prospects for
development in medium and long term. It is considered that it has a high multiplier power
of economic activity and a diffuser effect of it in tourist destinations, why many countries
and regions consider it a strategic sector as an engine of social and territorial
development (Font, 2011). Therefore, there is the need that this sector engages in
changing and acting in a sustainable manner, and commit itself for trying to mitigate
greenhouse gas emissions from its transport and accommodation activities, applying
strategies and existing or new technologies to improve energy efficiency (World Tourism
Organization Network, 2008). This can be applied very significantly in the Cerdanya
region (Catalan Pyrenees, Spain) where tourism is the major key for socio-economic
progress and the local community relies upon it. The most notable form of tourism is
winter tourism, linked to the snow, but also other modalities and tourism segments are
found, for instance, ecological, active and adventure tourism but also cultural, health and
welfare or gastronomic (Font, 2011). According to Observatori de Turisme (2010), the
estimation of tourism GDP (Gross Domestic Product) in Cerdanya presents a weighty
value, being the third highest in Catalonia, minor only to Vall d’Aran, and Pallars Sobirà,
both located closer to the border with other Spanish regions. Table 1.1 shows the top ten
percentages of the estimated tourism GDP of Catalonia counties (comarques) in 2008.
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The tourist specific GDP weigh on global GDP by regions is illustrated in the below
figure 1.1.
Table 1.1 Estimated tourism GDP of Catalonia counties in 2008 (Observatori de
Turisme, 2010).
Comarca

2008

1. Vall d'Aran

39.8%

2. Pallars Sobirà

30.7%

3. Cerdanya

22.6%

4. Selva

22.4%

5. Baix Empordà

21%

6. Alt Empordà

19.3%

7. Alt Urgell

16.8%

8. Garraf

15.2%

9. Tarragonès

14.4%

10. Maresme

13.9%

Figure 1.1 Tourist specific GDP weigh on global GDP by Catalonia regions in 2008
(Observatori de Turisme, 2010).
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Another significant reason for choosing this site to develop this project is that
Barcelona-Pyrenees is a potential candidate city for the 2026 Winter Olympic Games.
Cerdanya has up to 8 ski resorts and over 300 skiable kilometers, making it excellent to
accommodate the Games. Furthermore, the area enjoys a Subalpine climate while
having a high annual amount of sunshine. These conditions are favorable for the use of
renewable energy and the adoption of energy efficiency technology such as solar.
Finally, if the Olympic bid is chosen, Cerdanya will gain an unprecedented international
presence, which will spark tourism transformation. Consequently, at this Subalpine
region, new hotels or reforms of existing ones to accommodate all the visitors,
participants, organizers and press will be needed.
This research will provide a series of combination simulations to define the optimal
design and consumption within the expected building service life. As a result, a guide for
others attempting to design a more sustainable or energy-efficient hotel in this location
will be given, along with the steps for replicating it for other locations. As Morrissey,
Moore, and Horne (2010) indicated, by quantifying consumption and anticipating the
impacts in energy, clearer decisions can be made regarding energy supply, or
renovations and construction of buildings. In conclusion, the project aims to benefit the
procedure of designing sustainable hotels, thus attempting to reduce the energy demand
and consumption along with the desire of mitigating climate change and at the same
time creating business profits.

1.5

Definitions

Sustainable development – “the development that meets the needs of the present
without compromising the ability of future generations to meet their own needs” (World
Commission on Environment and Development, 1987, p.8).
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Energy efficiency– “minimizes the consumption of non-renewable energy to
achieve a given level of occupancy and comfort.” (Bobes, 2006, p.2).
Bioclimatic architecture – “design of buildings taking into account site conditions
and immediate available resources to obtain the comfort conditions with the lowest
possible energy demand” (Bobes, 2006, p.4).
Building shape factor, Surface to Volume ratio – “envelope surface of the building,
i.e. the external skin surface, divided by the inner volume of the building” (Depecker,
Menezo, Virgone, and Lepers, 2000, p.628).
Thermal transmittance or U-value – is the rate of transfer of heat of the building
components. Measures how well insulated a building is or how well its parts transfer
heat (Pacheco, Ordóñez, and Martínez, 2012).
Energy Use Intensity – a measure of the combined electricity and fuel used by a
project or building, per area per year (Autodesk, Inc., 2014).

1.6

Assumptions

This research is performed using the following assumptions:
•

There is the need to examine the use of precise measures to improve the
performance in energy and resources use in the hotel industry. An
explorative study, qualitative data, and quantitative data about the present
situation in this sector are required.

•

The hotel industry information for the Cerdanya region recollected for the
study is accurate and from a reliable source.

•

The number of hotels and characteristics examined are sufficient for the
exploratory research aimed to find the central tendency for defining the
most useful hotel profile.
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•

All simulations are carried out for an annual period by using the weather
database from Autodesk software, Climate Server. Tthe weather station is
the one in the town of Puigcerdà because of its centrality in Cerdanya.

•

The latitude and longitude are respectively 42,4522 N, 1,946 E for the
Puigcerda’s location.

•

The sun settings for the energy analysis performance are initially an
azimuth of 180º and an altitude of 25º (winter season).

•

The human and machines’ heat loss and gain are neglected.

•

The efficiencies and power densities of the equipment such as HVAC,
water heater and lighting are the same in all the combinations.

•

The HVAC system is also the same for every combination, a central VAV,
HW Heat, boilers 84.5 eff. from the Autodesk database.

•

The electric and fuel gas utility rates are the same for all runs or
combinations based on Spain’s standards: $0.13/kWh for electric and
$1.23/Therm for gas.

•

The constructive envelope details assumed can be found in Appendix E, as
well as the total U-values.

•

The total height per floor of the buildings is 3.40 meters (0.30m concrete
slab + 2.80m free height + 0.30m concrete slab).

1.7

Limitations

This research is performed using the following limitations:
•

The study about the hotel industry in the area mentioned is limited to the
responsiveness and availability of hotels’ information in Cerdanya.
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•

The calculation study is limited to the accuracy of the climate needed data
from the Autodesk’s Climate Server database, the Meteorological Service
of Catalonia (Servei Meteorològic de Catalunya) or the Solar Radiation
Atlas of Catalonia developed by the Catalan Energy Institute (Institut
Català de l’Energia).

•

The accuracy of the results is limited by the precision of the simulations
performed with Autodesk Revit Architecture and Green Building Design
Studio programs. These software simulations are limited for the same use

and occupation average for each season of the year. There is a real
possibility that the occupancy of the facility varies during some period of
time in the lifecycle of the building or during different tourist seasons, as
well as the occupants’ consumption behavior. Hence, final results could be
partially different from a one that a completed building would experience
because the simulations are run for a prototype hotel and the exact annual
occupancy is not exactly known. As defined earlier in this chapter, this
project is specifically aimed to help making potential decisions for early
stages of a hotel building design.
•

The shading dependent parameter do include the shaded windows from
the building itself but does not include the neighboring elements.

1.8

Delimitations

This research is performed using the following delimitations:
•

Testing and calculations of the simulations, performance, and energy
savings are delimitated for the assumed values, specific profile or type of
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hotel in the particular climate/location and the default combinations
(Appendix G).
•

The adoption of active technology is delimited to solar energy contribution
for Domestic Hot Water (DHW). The reason is that although the hotel
profile is within the scope of CTE-HE 5 -minimum photovoltaic contribution
for electricity energy- for a proper calculation it is vital to know the specific
location of the geodesic points of the building, its neighboring obstacles,
and shadows. As this study only looks at the design of a prototype of a yet
undetermined situation in Cerdanya, that is not possible to perform.

1.9

Chapter Summary

This chapter introduces the research to be done in thesis, bounding the research
questions, the scope, and the significance of the project.
In view of the fact that a high demand of energy exists in hotels, it is clearly
important the design of sustainable and energy-efficient lodging buildings. The aim is
defining the optimal combination of some building design parameters, following
bioclimatic or passive criteria, and the adoption of active solar technology. This is
significant because quantifying the energy consumption and predicting its impacts can
help to made clearer decisions. Cerdanya is a substantial region to study, where tourism
is a main factor and it is a potential region for welcoming the 2026 Olympic Winter
Games.
Finally, this chapter noted the key definitions to help understand important
concepts as well as the assumptions, limitations and delimitations of the chosen scope.
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CHAPTER 2. LITERATURE REVIEW

Over the decades, tourism has continued to grow and has become a major key for
socio-economic progress. In developing countries, tourism is one of the main income
sources, producing benefits in the economic and employment fields, and other sectors,
as well. Besides, this growth increases the competition among destinations and
diversifies the type of tourism. But on the other hand, hotels are among the highest
regarding energy use in the non-residential building sector and, are significant
contributors to GHGs emissions to the atmosphere. Emissions growth in the sector is in
constant conflict with the policies and climate objectives goals to reduce the emissions to
mitigate climate change. Furthermore, it is also in the spotlight on the objective of
energy-efficiency and economic savings, along with resource conservation for future
generations.
This chapter provides an overview of this situation mentioned above, followed by a
research of the sustainability movement, the design of energy-efficient buildings with
bioclimatic and passive design along with possible solar technological adoption of active
energy-efficient system. Additionally, research on the climate and location of the region
under study is presented as well as the Spanish and Catalan building requirements that
are in force.
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2.1

Buildings and Hotel Sector: Energy and Environment Overview

The impacts of the built environment are well documented in the literature. In
general, it is emphasized that buildings impact considerably in the environment and
hotels are mostly the principal energy consumers among the tertiary sector. Buildings
represent around 32% of total final energy consumption in most countries; according to
the International Energy Agency (IEA) due to the services demanded, such as cooling,
heating, and illumination, which require significant energy use.
As countries develop, energy demand increase and traditional fuels are starting
to be replaced by fossil fuels such as electricity and gas. The level of GHGs emissions
from buildings is somewhat aligned with the demand and energy’ sources. Except where
it does not come from a renewable source, the generation of electricity itself is a major
font of emissions. Globally, direct combustion of energy from non-renewable sources in
buildings released approximately 3 Gt (gigatons) of CO2 in 2004 (Levine et al, 2007).
The figure 2.1 displays the correlation between global energy consumption and CO2
emissions.

Figure 2.1 World per capita energy consumption and CO2 (Financial Sense, 2012).
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Broadly, there are 300,000 hotels world-wide, meaning more than 11 million
rooms, of which 70% are located in Europe (about a half are located only in
Mediterranean countries) and North America (Bohdanowicz, Churie-Kallhauge, &
Martinac, 2011; Farrou et al., 2012). Global data are not published for the use and CO2
emissions in this sector. However, Gössling (2002) estimates that internationally 97x109
energy Kilowatts was used in hotels in 2001, and in particular Europe consumed a total
of 39x109 Kilowatts in 2000. In terms of CO2 emissions, the study by Bohdanowicz and
Martinac (2007) further said that more than10 Mt of carbon dioxide are emitted by
European hotels annually, while globally it reached 55 Mt in 2001.
Furthermore, apart from the environmental impacts that the use of nonrenewable resources such as electricity already mentioned, it is also important to take
into account that fossil fuels are being depleted at a rate which is fasting increasing.
Researchers ensure that their obtention in the future will involve greater costs or more
serious strategic skills. Therefore, resource conservation and energy saving should also
be treated as a primary issue. The technology to make significant reductions in energy
and CO2 emissions to the atmosphere is anchored in the building sector. Thus, have
seen the numbers within the sector, hotel buildings are very significant in fostering this
environmental and economic sustainable development.

2.2

The Sustainability Movement

The importance of the built environment for sustainable development has also
been often recorded in the literature. The sustainability movement started to emerge
when the term Sustainable Development (SD) was coined by the Brundtland Comission
or World Commission on Environment and Development (1987) that defined it as "the
development that meets the needs of the present without compromising the ability of
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future generations to meet their own needs” (p.8). It has been considerable discussed
“since the concept was adopted as an overarching goal of economic, social development
and environmental protection” (WCED, 1987, p.8). Since then, a growing emphasis on
the relationship between SD, climate change mitigation and resource conservation exists
and many developing countries are trying to face it.
In the building sector frame, the application of bioclimatic and passive design, or
low-carbon power technologies, such as solar cells, could ideally provide a framework to
find new sustainable development paths. Low-carbon power technologies come from
processes producing lower amounts of emissions than those emitted from conventional
fossil fuel ones (IPPC, 2013). There is a large amount of literature emphasizing the
benefits of these technologies in the accommodation sector and remarks that they make
a justness action towards the global effort to balance the concentration of greenhouse
gases in the Earth’s atmosphere. This can be done “through deep cuts in global
emissions by using for example low-carbon energy sources and production
technologies” (Skea & Nhisioka, 2008, p.6). The World Wildlife Fund (2011) also
believes that the hotel sector is decisive to energy conservation and emission reduction
and it cannot be avoided anymore. Their report shows that the implementation of low
carbon technologies and practices in Chinese hotels has impacted very good in social,
economic, and environmental fields, including high energy savings. The same study
evidence that funding sources, ability to differentiate technologies to implement in the
buildings are bottlenecks to low carbon augmentation in the hotel industry.

2.3

Energy-efficiency: Bioclimatic Design and Technology Adoption

It was found that a large number of papers investigate general energy and
resources use and its benefits in hotels, “far fewer address the use of specific measures
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that enable performance improvements in energy use, and through this, a reduction in
environmental burdens” (Hotel Energy Solutions, HES, 2011). A way to achieve and
manage or restrain the growth in energy consumption is energy-efficiency. According to
IEA, energy efficiency is a potent tool for achieving a sustainable energy future. The
improvements can reduce energy use and bills, operation costs, improve public health,
rise competitiveness and improve consumer welfare while creating a sustainable
community (Roodgar, Mahmoundi, Ebrahimi, and Molaei, 2011). Besides, environmental
benefits can also be achieved by the reduction of greenhouse gases emissions and local
air pollution. The International Panel on Climate Change (IPPC) highlights that these
measures are appropriate to help reach a 30% reduction in emissions and at least 2040% on energy demand.
In this regard, the building sector has the opportunity to adopt the main strategies
to an energy-efficient building that are the design criteria, and the use of renewable
energies and energy-efficient technologies.

2.3.1 Bioclimatic and Passive Design of a Building
It is important to keep in mind that bioclimatic architecture is only one aspect in the
design of an energy-efficient building (Peters, 2005). So, the study of technology and
renewable energy adoption already mentioned is clearly another step to accomplish the
goal of a more energy-efficient and sustainable building.
Applying bioclimatic criteria to the buildings’ design represents the adaptation to
their environment in order to require the minimum amount of energy, taking advantage of
the energies of its surrounding natural environment (Bobes, 2006). This architecture
aims to optimize resources cohering design and nature (such as sun, wind, rain and
vegetation). Pacheco et al. (2012, p. 3559) said that “design criteria based on the
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adoption of suitable parameters for building orientation, shape, envelope system,
passive heating and cooling mechanism, shading or glazing” can decrease the building’s
demand.
Looking through history, it is seen that a lot of architectural construction were or
are designed according to these principles. The orientation of the houses’ windows to
the south for gaining more light and solar heat, or the exterior covering with high thermal
materials of some residences in Andalusia’s region (Spain) to achieve an own climate
inside, could illustrate this architecture characterized to be designed following bioclimatic
techniques (Celis, 2003). Nowadays, with society beginning to become concerned about
all the environmental degradation, natural resource depletion and climate warming,
building according to these principles is starting to emerge again. Morell (2013) points
out that bioclimatic architecture is cost-effective in a long-term. A building can justify the
investment in five years due to the advancing of energy rates, so high bills needed to
pay as a result of natural resources’ shortage. The way to safeguard a sustainable future
is to enhance the consumption while always respecting the environment. As pointed in
an interview with Hernan (2011): “Today we know that climate change is real and that
designing with sustainability criteria is not an act of goodwill but an obligation to future
generations. Thus bioclimatic and sustainable architecture came to stay”. Apart from
that, as Morrissey et al. (2010) report, in most climates design which leads to the
provision of comfort conditions by passive means or bioclimatic design will provide a
reduction in energy consumption.
Good building shape factor, good orientation, positive actions on the building
envelop, and a suitable shading coefficient are some bioclimatic parameters that can
may potentially reduce the energy requirements:
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(1) Shape’s influence: The shape of the building influences the total area that
receives solar radiation and can raise the energy required for cooling to 25 %
(Pacheco et al., 2012) or decrease the heating demand. The main variables that
are related to it are the climate and the shape coefficient or S/V ratio (Surface
Area to Volume ratio), the greater the surface area the more gain/loss through
(Figure 2.2). So, small S/V ratios imply minimum heat gain and minimum heat
loss. Compactness shape in S/V ratio is also desirable because it is able to store
more heat and avoid its loss through the envelope.

Minimal surface area
reduces heat transfer

Increased area,
greater heat transfer

Figure 2.2 Building shape, Surface area to Volume Ratio.

(2) Influence of orientation: The quantity of solar radiation collected on the building
enclosure depends on the sun azimuth in the wall of the building. The optimal
orientation varies depending on the location and climate. It lets in light and
passive solar gain, thus the necessity of artificial light decreases as well as
reducing glare and overheating to the building interior. As a general rule,
“southern orientation is optimal for gaining heat in the winter and for controlling
solar radiation in summer” (Pacheco et al., 2012, p. 3562). The method using
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different shapes and changing the angle from 0º to 180º can help find the optimal
orientation.
N

N
0°

N

0°

N
60°

20°

N

N
20°

60°

Figure 2.3 Examples of combination between shape and orientation angle.

(3) Influence of the building envelope: The building envelope is the element which
separates the interior of a building and the outdoors. Minimizing heat transfer
through the building enclosure is the key to lessen the need for heating or
cooling. Insulation, air enclosing, waterproof, and openings have big parts in
lessening this transfer. It is frequent for authorities to establish a maximum value
of heat transfer factor (a measure of how well an element prevents heat from
escaping) or some design indications to guarantee comfort. Strategies to
optimize it are the best combinations of materials that provide the best insulation
or this U value, and a reduced window-to-wall ratio in the façade (Behsh, 2002).
The window-to-wall ratio (WWR) is a ratio of window area to wall area or the
glazing percent. Higher WWR values can result in excessive light inside, or the
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opposite. Furthermore, this factor can influence in the inside temperature of the
building, if in winter it losses so much heat through windows the space will be
cold. Oppositely, in summer can be very hot because all the sun radiation coming
in (Green Garage, 2009). According to the Sustainability Workshop from
Autodesk (2011), in cold climates the window-to-wall ratio should be 40% or for
acceptable insulation. However, more innovative openings with lower U values
permit greater ratios. With respect to natural light, windows southwards facing
get the more intense light. Nonetheless, glare in South orientation is much easier
to control than on East or West walls.
(4) Influence of shading: An appropriate shading factor decline the use of energy
and their control is necessary to guarantee warm and glare comfort. Shades can
lower a building’s HVAC cooling in summer, or get down heating in cold seasons,
or increase the daylight harvesting, as well. The benefits are evidently
conditioned by the climate, emplacement and the neighboring elements that can
obstruct the light. Shading can be given by neighboring elements or incorporate
protection systems in the building.

Buildings can have a wide-ranging of shapes, sizes, purposes, and have been built
at different periods of time and canons. Thus, a holistic approach is needed to ensure
the best results in terms of energy-efficiency. Including most or all of these factors make
the most of effectiveness, but frequently any amendments in these can give positive
results.
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2.3.2

Adoption of Active Energy-Efficient Technologies

Some research aimed to get the ability to differentiate appropriate technologies
for hotel buildings has been made. The goal is to increase or enhance the active
systems knowing that there is some difficulty of changing the consumer practices of the
tourist customers. Bohdanowicz and Martinac (2007) report in their study, taking
samples within important hotel brands such as Hilton and Scandic in Europe, that
electricity is the main energy courier. It is used for lighting, operating equipment, and
conditioning. Santamouris, Balaras, Dascalaki, Argiriou, and Gaglia (1996, p.67)
estimate that “air-conditioning systems increase the annual energy consumption by 77%,
depending on the type of system”. Hotels in Europe a 61% of the energy is used by
HVAC systems, 25% by services, and 15% by water heating (Dascalaki & Balaras,
2004; Zografakis, Gillas, Pollaki, Profylienou, Bounialetou, & Tsagarakis, 2011).
Bohdanowicz and Martinac (2007) claimed that the utilization of renewable
energy is normally narrowed to the acquisition of “sustainable” electricity from a
marketplace. Only a few lodgings located in the Mediterranean (where the climate is a
plus) utilize solar recollection technology for sanitary water heating. In this sector, the
low level of solar energy utilization is stated by Dascalaki and Balaras (2004). Moreover,
measures taken in the hotels are basically energy-efficient lighting such as LED bulbs,
motion sensors and energy-efficient equipment (Bohdanowicz, 2007). Apart from these
measures, some other beneficial active technological implementations to electricity as
energy-saving in hotels could be solar or photovoltaic cells.
Solar cells can be installed normally or integrated in a façade or roof. A solar cell
façade is a system that has encouraged design alternatives for fixing the solar panels
directly on the façade. It is a building system seldom implemented but a very interesting
and good one. It enhances the performance of the building enclosure, and provides an
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profitable supply of electric power and heat (Clarke, Hand, Johnstone, Kelly, & Strachan,
1996). Nevertheless, covering a roof or a façade with normal solar cells might change
the appearance which the architect designed the building or had in mind. At present, it
is only possible to buy dark solar panels (Fraunhofer Institute for Environmental, Safety,
and Energy Technology, 2013) but now some companies are currently working and
presenting results to bring color to solar façade and that can go hand in hand with
architecture design.
Inside the hotel facilities, a very attractive method for energy saving is part of
their heating, ventilation and cooling systems (HVAC). Heating and air conditioning
systems have improved a lot in design and efficiency. In agreement with SVA.org,
nowadays air conditioners consume 30% to 50% less energy to produce the same
amount of cooling as the one manufactured in the mid-1970s. Hotel areas load
calculation of heating and cooling to ensure proper sizing it is a crucial step to energy
savings and it is very important to never oversize it.

2.4

Cerdanya: Location and Climate

The location, latitude and climate of Cerdanya have been reviewed because
climate has real influence in the bioclimatic design of a building as mentioned before. In
order to obtain real energy values and consumptions, climate data is very significant.
Cerdanya is a region in Catalonia, N.E. Spain. Catalonia has a great climatic
diversity due to the geographical range of its territory and given its small extension has
altitudes ranging from 0 meters to sea level to 3000m, the latter in the Pyrenees.
Catalonia is located in the temperate zone of the northern hemisphere and in the zone of
influence of the Mediterranean Sea, so the climate is Mediterranean but with variations
according to altitude and proximity to the sea. This is the case of Cerdanya, located in
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the eastern Pyrenees. According to Xtec.cat, Cerdanya has influences of Highland
mountain or Subalpine climate. This makes it sunny and dry, with very cold winters and
warm summers. The region has a high annual level of sunlight so, for this reason,
inventive solar power plans have been assembled in numerous locations in Cerdanya.
As Gas Natural Foundation clearly points out, the solar potential of Spain is the highest
of Europe, and Cerdanya has an average daily irradiation of approximately 3.8 – 4.2
kWh/m2. The following figure 2.3 shows a map of Spain being divided into solar zones
and their corresponding ranges.

Cerdanya

Zone I < 3.8 kWh/m2
Zone II 3.8-4.2 kWh/m2
Zone III 4.2-4.6 kWh/m2
Zone IV 4.6-5 kWh/m2

Figure 2.4 Average daily radiation in Spanish climatic zones (Gas Natural Foundation).

Moreover, the Pyrenees’s Cadí and Puigmal mountains prevent Mediterranean
moist air to cross. Therefore, the moisture precipitates to the surrounding mountains as
rain or snow. Latitudes and meteorological data, such as monthly, annual minimum and
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maximum temperature, and solar radiation, could be found in the Meteorological System
of Catalonia (Servei Meteorològic de Catalunya) and the Solar Radiation Atlas of
Catalonia developed by the Catalan Energy Institute (Institut Català de l’Energia).

2.5

Building Energy-Efficiency Requirements in Spain

Spain has been improving the energy efficiency of its buildings for the past few
years. This is partially transposed into Spanish law by the Real Decreto 235/201 which
includes the basic procedure for certification of energy efficiency of buildings, both new
and existing. Additionally, is mandatory the use of the Spanish Technical Building Code
(CTE) as the framework that institutes the safety and habitability requirements of
buildings displayed in the Building Act (LOE). The Basic Document (DB-HE) of Energy
Saving (HE Ahorro de Energía) in the CTE aims to establish rules and procedures for
fulfilling the basic requirements of energy saving. Basically, the significant ones are the
basics requirements of: (1) Excess energy demand, (2) Minimum contribution of solar for
hot water, and (3) Minimum contribution or photovoltaic electricity.
On the other hand, Catalonia has enacted the Decree of Eco-efficiency (21/2006
Decret d’Ecoeficiència) which enacts the adoption of eco-efficiency parameters in
buildings, complementing and following the rules of the CTE. One of the areas
corresponds to energy as well. The most important points are: (1) Limitation of the
thermal transmittance value of the building enclosures at 0.70 W/m2 K (watts per meters
squared kelvin), and at 3.30 W/m2 K the openings or windows, and (2) They must have a
solar energy system to produce hot water (with a minimum contribution by use of the
building and the climatic area) if the building has water demand of 50 liters or more per
day at 60oC. The Decree has tables showing the water demand by building use. Hotels
appear depending on their category or star rate.
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2.6

Chapter Summary

This chapter of literature review has provided firstly an overview to the present
situation of the building environment regarding energy use. In general, buildings
represent around 32% of total final energy consumption in most countries. Hotels, as
commercial-service buildings, are among the highest. It has also presented that the
quantity of greenhouse gas emitted by buildings is linked with the demand and energy’s
source. So, the constant exhaustion of fossil energy resources and the growth of
associated emissions have been embraced as a key concern. Due to that, within the
building sector frame, the application of bioclimatic and passive design, or low-carbon
power technologies, such as solar cells and energy-efficient systems, could ideally
provide a framework to find new sustainable paths. The literature documented that the
fact about the entire tourism sector not utilizing enough solar energy contribution in their
facilities is very typical.
Finally, the characteristics of the climate in the specific location of Cerdanya are
described, because their significant influence on parameters of bioclimatic design.
Additionally, the presentation of the main Spanish building standards and requirements
regarding energy use is done. Basically, it comprises the Basic Document (DB-HE) of
Energy Saving (HE Ahorro de Energía) that establish the basic requirements of energy
saving, and the Decree of Eco-efficiency (21/2006 Decret d’Ecoeficiència) which
establishes the adoption of eco-efficiency parameters in buildings in Catalonia.
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CHAPTER 3. METHODOLOGY

This chapter outlines the research methodology and procedure used in this thesis.
Definition of the data collection and analysis method are also provided along with a
description of the simulation software used to perform the different energetic analysis or
simulations for the hotel prototype in Cerdanya, Catalonia.

3.1

Research Methodology and Procedure

One of the first steps in this project is the collection of data about the hotel industry
in the region of Cerdanya: How many hotels there are, variables such as number of
rooms, star-rating, facilities, services offered, and what clients expect or demand the
most in this location. A sample of typical hotels of various characteristics is collected
through the Cerdanya Hotels Association. The sample is selected to be representative
and comprises a total of twenty-six (26) hotels. They have different ratings, facilities and
located in different towns, so they have different distances to the ski slopes and the
capital. The Hotel Association of Cerdanya consists of twenty (20) hotels in the most
popular villages in the region (Alp, Bellver, Bolvir, La Molina, La Masella, Lles, Llívia,
Meranges, Prullans, and Puigcerdà). Six more hotels that are not within the guild or
association page are added to the sample. The reason is their defining features and
locations are useful in making the typological study. It deserves importance because
most of these are located in La Molina’s ski resort. For the same reason, another village,
Prats, which is quite close to the resort, is added to the sample.
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The twenty-six hotels’ characteristics are exposed in Appendix A. In parallel, a
typological study about the morphologic characteristics of this hotel sample is performed.
This makes it easier to define the nature of the hotel building. As Tabula Project team
(2012) reports, a typological study refers to a “systematic description of the criteria for
the definition of typical buildings as well as to a set of exemplary buildings representing
the building types”. Then, an exploratory and thematic analysis is carried out to identify
key variables and underlying trends. As a result, a prototypical hotel building is found
and, as described in the Scope section and appendices, is: A 3-star hotel, with a
maximum height of 4-5 floors, 40 double rooms and 10 family rooms (with ensuite
bathroom). It has a restaurant, a kitchen, a bar, a TV/games room, a ski storage room, a
gym and an elevator. The building can present a cubical, rectangular or L-form shape
and a pitched roof due to the snow accumulation. The exemplar and required surfaces
for each area are defined in Appendix C.
Another starting point in this project is to conduct a recognition step about the
passive and active strategies for energy use reduction in buildings. A review of the
literature reveals that there are interrelations between key design parameters, active
systems use, and end-energy consumption of the building. The climate and location of
the building is a very important point in order to improve the performance and energysavings to accomplish the maximum benefits possible. Therefore, quantitative aspects
are needed:
(1) Latitude, altitude and solar azimuth.
(2) Solar radiation data.
(3) Hot water demand.
(4) U-value or heat transfer (W/m2K) of the building envelope.
(5) Surface, height and volume of the building.
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Solar radiation and latitude data is being collected from reliable and updated
sources, for instance: Meteorological Service of Catalonia (Servei Meteorològic de
Catalunya) and solar radiation atlas of Catalonia developed by the Catalan Energy
Institute (Institut Català de l’Energia). The hot water demand is determined by the
standards in the Decree of Eco-efficiency (21/2006). The U-value from different
materials and parts of the building envelope are already in the material database of the
Autodesk software. On the other hand, the minimum technical requirements and
surfaces in hotels are collected through the Catalan Decree 159/2012 of tourist
accommodation. A summary table of this Decree’ standards and calculations for the
different areas’ surface and facilities of the prototype hotel is shown in Appendix C.

3.2

Data Analysis: Hotel Energy Simulation

A sensitivity analysis is conducted to determine how different values within the
independent variable category impact the particular dependent variable under an energy
performance simulation of a hotel building. The dependent variable is the energy
consumption for a period of one year of the prototype building and the independent
variables are defined in figure 3.1, below. Therefore, the sensitivity analysis predicts the
total energy consumption of the prototypical hotel building and consequently, the
potential saving rates subject to different combinations between the independent and
dependent design variables. The hotel prototype is then modeled computationally
considering these combinations or performance scenarios. All calculations are carried
out for an annual period by using the weather database from Autodesk, Climate Server,
for Puigcerdà’s weather station in Cerdanya.
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3.2.1 Combinations and Variables
The variables are selected by the preliminary exploratory study about passive
and active design, and typologies of hotel buildings in Cerdanya. Figure 3.1 illustrates
the variables taken into account for the combinations’ or scenarios’ simulations.

Figure 3.1 Variables taken into account for the hotel combinations.

The range of values for each simulated values is shown in table 1 in Appendix G,
where ninety (90) possible combinations can be found. In respect to the building shape
parameter, the literature review, as well as the Cerdanya typological hotel study, shows
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that cubical, rectangular and L-shapes are the most common. For this reason these
three shapes are the ones considered in the combinations. Regarding the number of
floors, in Cerdanya they do not usually exceed 4 floors. Thus, 2, 3, and 4-story buildings
are the possibilities. In the case of the orientation, the South (180o N) and the intervals of
+15°, +30°, and +45° rotated clockwise from this so uthern axis orientation are
considered. The reason is that, as seen in the literature review, the passive architecture
methods recommend that buildings should face south and the accord that is good to
orient the building 20-30° regarding the southern a xis is spreading (Pachecho et al.,
2012). However, some studies show that there are also good responses with the
building rotated at an angle of 40-45° due South. I n regards to the building envelope, the
window-to-wall ratio or percentage of glazing should be lower than 40% for adequate
insulation in cold climates (Sustainability Workshop from Autodesk, 2011). Thus, the
possibilities in that case are 10% and 20%. Finally, one of the research questions in this
project is to demonstrate if the insulation (heat transfer in walls) and the technological
solar contribution requirements in the Spanish/Catalan building code affect the energy
consumption. For this reason it has been added to the combinations’ table the possibility
to observe how the energy consumption varies without adding these requirements (less
than U-value 0.70 W/m2K and without the minimum solar area surface). This possibility
is being combined with the rest of the parameters which present the best result once the
simulation is done.

3.2.2 Procedure and Simulation Computer Software: Autodesk Revit® and Green
Building Studio®
Finally, a combination between Autodesk Revit software and Green Building Studio
software is used to simulate and analyze the combinations. The aim is to find the optimal
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design combination(s) with the appropriate technology implementation and building code
requirements taken into account.
Autodesk Revit is a building information modeling software that allows drawing and
designing the building in 3D and 2D, and have access to building elements databases.
Therefore, the first step is to draw the prototypical building (Cubical, Rectangular, Lshape and 2, 3, 4 floors) with this program. The aim is to create simple models, drawing
the prototypical surface area, estimating the part of the façade which has windows, and
create simplified openings and their percentage, modeling the thermal properties of the
enclosing system, and the principal spaces with their use/occupancy. The procedure for
every kind of prototype is as follows:
1. Elevations and floor plans drawing in 2D and 3D with Revit Architecture: The
definition of the geometry, spaces, measures, and areas is done. There is also
the need to model about the correct surface of glass in each façade and other
kind of openings (such as patios). Furthermore, a basic roof with its slope
definition and overhanging has to be drawn as well as the ceilings and floors. In
Appendix F a sample of all the 3D views and floor plans for the prototype hotel
buildings is shown.

Figure 3.2 South Elevation for the rectangular shaped model with Revit
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Figure 3.3 3D model for the rectangular shaped model with Revit.

2. Choice of materials and thermal characteristics of the architecture elements of
the building: Create construction models for the façade, ceilings, floors, roofs,
and windows. The materials, thermal properties as well as the distribution, and
thickness of the layers have to be chosen.

Figure 3.4 Layers assembly for the façade building envelope with Revit.
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Figure 3.5 Material’s thermal properties definition with Revit.

3. Modeling, distribution and use/occupancy of rooms and spaces for HVAC and
energy use’s analysis: Manually add the rooms and their names followed by the
designation of spaces that means choosing the type of use of this space, its
hours of use, and usual occupation. It is very important for the energetic analysis
because it is essential to know the electric and energy loads of every space of
the building.
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Figure 3.6 Room designations with Revit.

Figure 3.7 Space’s condition type and number of people definition with Revit.
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Figure 3.8 Space type settings with Revit.

Figure 3.9 Schedule settings for the space with Revit.
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4. Additional settings definition before the performance of the energy analysis: Sun
settings such as azimuth and altitude have to be chosen as well as the project’s
location site and weather temperatures for obtaining optimal data results.
Furthermore, it is necessary to detail the building services such as the HVAC
system used.

Figure 3.10 Location site and weather with Revit.

Figure 3.11 gbXML file settings with Revit.
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5. Export the project to a gbXML file, detailed energy model, and run the energy
simulation: The model is then exported to Green Building Studio where the
whole building energy analysis is done through a conceptual energy analysis.
Before running the energy analysis, Revit Architecture has an inquiry panel that
allows you to validate if your model has conceptual or constructive errors that
will not give the truthful information or results. It is very important to review and
always modify them always for achieving real analysis values. These are on insite energy and resources consumption, CO2 emissions, simulations, and
expenditure or costs. Design alternatives can be also performed, and in this
project’s case the tool is used to rotate the building +15, +30 and +45 degrees
due the main orientation, which is 180º N or South.
6. Finally, also in Green Building Studio, the photovoltaic potential is studied for
every combination for adding the plausible energy and cost savings. The
software analyses every exterior surface of the building as it is observed in
figure 3.12.

Figure 3.12 Photovoltaic analysis performed in Green Building Studio.
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In other words, Autodesk Green Building Studio is a digital tool that generates
analysis of various parameters that influence in the energy that the building will require
once it enters into operation. The chosen parameters are the ones mentioned in the
above section. The analyses obtained are data and approximations about different
comparisons between the different alternatives or combinations and the occupancy
mode. Thus, it is possible to generate an informed decision regarding an alternative or
another. The software can provide a series of functions and analysis. Those described
below are the ones that are used in this study:
(1) Solar radiation: Visualize solar radiation on openings and walls or roof, over any
period.
(2) Thermal performance: Estimate energetic loads analyzing the occupancy, use,
and gains.
(3) Whole-building energy analysis: The total energy use and carbon emissions are
calculated for the building model annually, using the Autodesk weather
information database called Climate Server (Autodesk Inc., USA).
Currently there are copious debates about the differences in the energy
simulation softwares and its accuracy. This controversy, in particular, is normally
between two of the most powerful and popular programs for energy analysis: Autodesk
software and Design Builder (Energy Plus). Autodesk (Green Building Studio, Revit and
Ecotect) provides solutions that are very practical for the making decisions in the initial
stages and has a very intuitive network, besides being easier to exporting 3D files from
other software. It contains remarkable analysis such as the described before. On the
other hand, Design Builder is a more complex software which allows to choose more
detailed technicalities giving us more steady or real projects.
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Nevertheless, both programs have some disadvantages. Autodesk does not have
the option to calculate fluid dynamics so it is not very handful for studying wind shadow,
ventilation, or ventilated facades (BeyondSustainable.net, 2013). On the contrary, the
Design Builder modeling is not as understandable or perceptive so sometimes creates
difficulties between exportations and drawings. Therefore, Autodesk Green Studio, Revit
and Ecotect are more favorable for the beginning design phase, focusing in analysis of
solar systems, solar orientation and thermal analysis. Moreover, the study of the fluid
dynamics is not being contemplated in this project so it is not going to be a problem. In
other words, Autodesk software gains in functionality and ease in the early stages of
design that is what really matters to this project.
Once the analyses are completed, the results will help to identify the best design
or combination for energy efficiency. This will provide to professionals very useful tools
and guidelines to make design decisions for more sustainable and energy-efficient hotel
buildings in Cerdanya along with the steps for replicating it in other locations.

3.3

Chapter Summary

This chapter provides the research methodology and procedure used for this study.
An exploratory examination of the hotel industry in Cerdanya and typologies of the
buildings as well as the passive and active strategies for energy use reduction in
buildings is performed. Then, the description of the sensitivity analysis being executed is
presented. Thus, the dependent and independent variables taken into account in this
project are defined again along with the number and possibilities for the combinations or
scenarios (Appendix D). The software used to simulate the models is a combination
between Autodesk Revit and Green Building Studio. It helps to provide their thermal and
energetic analyses. These programs are very functional for making decisions in the
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initial process of the design and have a very intuitive interface in comparison with other
energy analysis programs such as Design Building.
Finally, the results for the combinations regarding the annual energy consumption
for the prototypical building are given. Therefore, the ideal combination(s) between
design and solar technology system adoption for energy efficiency is defined, as well as
the importance to adopt (or not) eco-efficient parameters that the building codes define
and require.

44

CHAPTER 4. RESULTS

This section outlines the results obtained for the 90 different hotel building
combinations or scenarios from the energy analysis performed. After collection of data
about the hotel industry in the region of Cerdanya (Appendix A), a typological and
thematic study to determine the key variables has resulted in finding a prototypical hotel
building. It is described in the Scope section and Appendix B, along with the definition of
the required surfaces for each area in Appendix C. As mentioned above, 90 possible
combinations of this assumed prototype have been simulated. The independent
variables for these combinations are determined by a preliminary exploratory study
about passive and active building design. These are the building shape, the orientation,
the % of openings or window-to-wall ratio (WWR), the envelope’s U-value, and the
surface of active technology or solar cells installed. The details of every combination can
be found in Appendix G. Since one of the variables is the shape of the building (cubical,
rectangular or L-shaped options) the elevations and floor plans drawings in 2D and 3D
are exposed in Appendix F. Furthermore, the proper calculations for determine the
minimum required area of solar contribution for domestic hot water by the Spanish
building code are shown in Appendix D. On the other hand, in Appendix C calculation for
the required U-value variable is exposed.
Now in this chapter, important information is firstly presented about the energy and
carbon results. Secondly, the photovoltaic potential study provided by Green Building
Studio is explained, as well as its use in this project in order to answer one of the
research questions formulated. Finally, the complete results’ table and some graphic
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end-use charts are presented. This allows better interpretation and understanding of the
final energy and cost results of the hotel building’s prototypes.

4.1

Energy Analysis Information

Once the project was exported to Green Building Studio the following estimated
information for every model is provided:
• Annual energy cost ($).
• Lifecycle site energy costs (30 -year life and 6.1 % discount rate for costs. It does
not include electric transmission losses or the renewable and natural ventilation
potential).
• Annual energy consumption or Energy Use Intensity (a measure of the combined
electricity and gas fuel used, per area per year).
• CO2 emissions based on the onsite fuel use and sources for the electricity in the
territory.
In the results table shown in the section 4.3 the information for every single
chosen combination (90, as exposed in the Appendix F) is shown.

4.2

Active Technology, Photovoltaic Potential

In addition to energy use and cost, Green Building Studio software gives
additional material on photovoltaic potential. This tool is used for analyzing the research
question << Do technological solar contribution and insulation requirements in the
Spanish/Catalan building code affect these combinations on sustainability and energy
savings? >>. The Minimum Area (Min. Area) required by the standards for solar
contribution is calculated following the rules in CTE-HE4 for energy saving, and the
Generalitat de Catalunya Decree of Eco-efficiency. As shown in the calculations in
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Appendix D, 86.40 square meters of solar collectors are needed in this location for this
building profile.
On the other hand, the possible annual energy (kWh) generated by the
photovoltaic system in the south roof is the other variable taken into account. The sum of
the annual energy potential of the entire South roof surface is considered as the
>Minimum area (> Min. Area) which the Spanish Code requires. Only in the case of the
cubical shaped building, a part of the potential of the West roof is also considered. The
reason is the system supposed to be mounted in the South does not exceed the
minimum area. As observed in the Green Building Studio’s study, the payback time and
the solar exposure of the West-mounted is the one with more similar results (lower payback time and greater solar exposure) compared with the South-mounted system.
This potential will be deducted for the total Energy Use Intensity of the initial
model or, in other words, for the model without photovoltaic system considered. The
results are shown in the table 4.1 below and the total with all the variables in the
following section 4.3.
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Table 4.1 Orientation and photovoltaic analysis results.
Orientation No PV EUI MJ/m2/yr > Min. Area, EUI MJ/m2/yr Min. Area, EUI MJ/m2/yr
3027
0S
2789
2986
Rectangular 2F 10WWR Uyes

Rectangular 2F 20WWR Uyes

Rectangular 3F 10WWR Uyes

Rectangular 3F 20WWR Uyes

Rectangular 4F 10WWR Uyes

Rectangular 4F 20WWR Uyes

15S

3041
3042

2803

3000

30S

2808

3002

45S

3043

2852

3010

0S

2931

2693

2890

15S

2936

2698

2895

30S

2936

2702

2896

45S

2937

2746

2904

0S

2238

2091

2199

15S

2238

2091

2199

30S

2238

2092

2198

45S

2235

2101

2199

0S

2285

2138

2246

15S

2287

2140

2248

30S

2287

2142

2248

45S

2287

2153

2251

0S

2021

1936

1989

15S

2022

1937

1990

30S

2021

1936

1989

45S

2021

1936

1989

0S

2084

1999

2052

15S

2085

2000

2053

30S

2084

1999

2052

45S

2084
5761

1999

2052

5441

5685

5777
5780

5457

5701

30S

5465

5705

45S

5783

5478

5711

0S

5861

5541

5785

15S

5880

5560

5804

30S

5886

5571

5811

45S

5891

5586

5819

0S

3890

3780

3842

15S

3887

3777

3839

30S

3888

3778

3840

45S

3889

3780

3841

0S

3972

3862

3924

15S

3969

3859

3921

30S

3970

3860

3922

45S

3972

3863

3924

0S
L-shape 2F 10WWR Uyes

L-shape 2F 20WWR Uyes

L-shape 3F 10WWR Uyes

L-shape 3F 20WWR Uyes

L-shape 4F 10WWR Uyes

L-shape 4F 20WWR Uyes

15S

0S

2093

2011

2053

15S

2095

2013

2055

30S

2095

2014

2056

45S

2096

2018

2058

0S

2151

2069

2111

15S

2153

2071

2113

30S

2152

2071

2113

45S

2154

2076

2116
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Table 4.1 continued

Cubical 2F 10WWR Uyes

Cubical 2F 20WWR Uyes

Cubical 3F 10WWR Uyes

Cubical 3F 20WWR Uyes

Cubical 4F 10WWR Uyes

Cubical 4F 20WWR Uyes

0S

2283

2149

2250

15S

2158

2253

30S

2285
2285

2164

2255

45S

2285

2171

2257

0S

2508

2374

2475

15S

2510

2383

2478

30S

2511

2390

2481

45S

2511

2397

2483

0S

2236

2143

2204

15S

2238

2149

2207

30S

2239

2154

2210

45S

2239

2158

2211

0S

2273

2180

2241

15S

2275

2186

2245

30S

2275

2190

2246

45S

2274

2193

2246

0S

2045

1987

2011

15S

2047

1989

2013

30S

2047

1988

2013

45S

2048

1992

2016

0S

2093

2035

2059

15S

2095

2037

2061

30S

2096

2037

2062

45S

2096

2040

2064

4.3

Energy Analysis Results

In the following table 4.2, the results are exposed for every combination. The
numbers in the left column correspond to the different combinations. In the matrix of the
Appendix G the description could be found regarding: (1) the kind of building shape
modeled, (2) the number of floors, (3) the orientation degree regarding the southern axis,
(4) the percentage of openings or window-to-wall ratio (WWR), (5) the U-value of the
building envelope, and (6) the photovoltaic system area. Once again in the results’ table
4.2 the superior tab shows the four kinds of information which will be used for
interpretation of the energy performance of the hotel buildings. Every characteristic is
then divided into three more tabs. They show the results of the prototype buildings
regarding if they are running with or without any kind of photovoltaic system mounted.
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The possibilities are: (1) No PV, no photovoltaic system mounted, (2) Min. PV,
photovoltaic system installed and with the minimum solar contribution area required by
the Spanish building code (the specific calculation can be found in Appendix E), and (3)
> Min. PV, photovoltaic system mounted and with a contribution area greater than the
one demanded by the building code.
Furthermore, the combinations 9, 19, 29, 39, 49, 59, 69, 79, and 89 are the ones
having the worst conditions. In other words, they are the ones with the maximum energy
usage and carbon emissions regarding the building shape (cubical, rectangular or Lshaped) and floors. Finally, the combinations 10, 20, 30, 40, 50, 60, 70, 80 and 90 are
the opposite, the best ones or with the minimum energy usage regarding the decided
and exposed variables of the project.
As a reminder note, the costs are in USD, but converted from and based on real
values in EUR currency, since this is the currency used in Spain. Since January 2015, in
Spain, electricity’s price varies depending on the hired type of fare. There are different
alternatives, e.g. a price which is applied for every hour of the day (digital counter) or a
fixed annual rate. The last one is therefore the best alternative to run in this project. The
default prices in 2015 by Endesa S.A., the largest electric, gas and water company
installed in Cerdanya, are: $0.13/kWh for the electric, and $1.23/Therm for the fuel.
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Table 4.2 Results table for the estimated energy performance, costs and CO2 emissions.

Combi
nation
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

Energy Use Intensity
2
(EUI), MJ/m /year)
No PV Min.PV > Min.PV
2283
2250
2149
2285
2253
2158
2285
2255
2164
2285
2257
2171
2508
2475
2374
2510
2383
2478
2511
2390
2481
2511
2397
2483
2513
2149
2236
2143
2204
2238
2149
2207
2239
2154
2210
2239
2158
2211
2273
2180
2241
2275
2186
2245
2275
2190
2246
2274
2193
2246
2285
2143
2045
1987
2011
2047
1989
2013
2047
1988
2013
2048
1992
2016
2093
2035
2059
2095
2037
2061
2095
2037
2062
2096
2040
2064
2101
1987
3027
2789
2986
3041
2803
3000
3042
2808
3002
3043
2852
3010
2931
2693
2890
2936
2698
2895
2936
2702
2896
2937
2746
2904
3047
2693
2238
2091
2199
2238
2091
2199
2237
2092
2198
2235
2101
2199
2285
2138
2246
2287
2140
2248
2287
2142
2248
2287
2153
2251
2308
2101

Annual Energy Cost, $
No PV
84652
84754
84735
84723
97709
97805
97811
97830
97914

Min.PV > Min.PV
83428 79683
83567 80043
83623 80248
83685 80496
96423 92489
96558 92856
96642 93098
96739 93388

63315
65388
65391
65395
66146
66219
66210
66187
67079

62409
64482
64544
64577
65215
65346
65366
65372

79683
60682
62788
62909
63029
63440
63628
63736
63829

57772
57821
57836
57851
58817
58887
58891
58889
59783

56811
56861
56875
56947
57862
57931
57963
57990

60682
56133
56183
56169
56269
57187
57257
57261
57316

82948
83422
83508
83584
79881
80030
80056
80116
83495

81824
82297
82410
82678
78764
78912
78965
79216

56133
76426
76893
77084
78338
73395
73543
73676
74906

66640
66670
66642
66623
67660
67742
67775
67807
68539

65479
65508
65480
65550
66505
66587
66619
66740

73395
62263
62291
62322
62629
63307
63388
63478
63834
62629

Lifecycle Energy Cost, $
No PV
1152996
1154345
1154093
1153931
1330792
1332098
1332181
1332441
1333455

Min.PV
1136330
1138179
1138941
1139791
1313282
1315115
1316265
1317583

889597
890589
890629
890597
900903
901897
901774
901469
913618

876866
878253
879093
879460
888220
890004
890279
890369

786851
787520
787722
787937
801094
802045
802089
802070
814245

773769
774440
774638
775625
788081
789029
789455
789825

1129747
1136201
1137383
1138417
1087985
1090003
1090366
1091183
1137209

1114445
1120882
1122427
1126071
1072766
1074782
1075511
1078923

907631
908043
907662
907402
921535
922635
922827
923553
931048

891814
892219
891838
892786
905806
906901
907090
909015

Annual Carbon
Emissions, Mg

> Min.PV No PV Min.PV > Min.PV
225
215
1085321 228
225
215
1090187 228
225
216
1092979 228
225
217
1096361 228
259
248
1259689 262
259
249
1264697 262
259
249
1267986 262
259
250
1271948 262
262
215
1085321
172
167
852597 174
173
168
855172 175
173
168
856818 175
173
169
858378 175
175
171
864042 178
176
171
866614 178
176
171
868081 178
176
172
869359 178
180
167
852597
147
145
764534 149
148
146
765206 150
148
146
765018 150
148
146
766392 150
151
149
778895 153
151
149
779840 153
151
149
779883 153
151
149
780641 153
156
145
764534
233
218
1040920 236
234
218
1047278 237
235
220
1049892 238
235
223
1066962 238
226
210
999640 229
227
211
1001644 230
227
212
1003464 230
227
215
1020221 230
238
210
999640
175
166
848014 178
175
166
848399 178
175
166
848828 178
175
167
852998 178
179
170
862250 182
180
171
863331 183
180
171
864318 183
180
172
869440 183
184
167
852998
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Table 4.2 continued
Combi
nation
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

Energy Use Intensity
(EUI), MJ/m 2 /year)
No PV Min.PV > Min.PV
2021
1989
1936
2022
1990
1937
2021
1989
1936
2021
1989
1936
2084
2052
1999
2053
2084
2000
2052
2084
1999
2084
2052
1999
2088
1936
5761
5685
5441
5777
5701
5457
5780
5705
5465
5783
5711
5478
5861
5785
5541
5880
5804
5560
5886
5811
5571
5891
5819
5586
5891
5441
3890
3842
3780
3887
3839
3777
3888
3840
3778
3889
3841
3780
3972
3924
3862
3969
3921
3859
3970
3922
3860
3972
3924
3863
3981
3777
2093
2053
2011
2095
2055
2013
2095
2056
2014
2096
2058
2018
2151
2111
2069
2153
2113
2071
2152
2113
2071
2154
2116
2076
2169
2011

Annual Energy Cost, $
No PV
60230
60263
60267
60255
61581
61640
61655
61676
61873
76106
76345
76394
76438
77349
77628
77718
77807
77807
72800
72753
72752
72768
74305
74258
74262
74290
74464
62358
62410
62429
62443
63824
63891
63879
63912
64408

Lifecycle Energy Cost, $

Min.PV > Min.PV No PV
59276 57697 820333
59309 57730 820785
59313 57732 820840
59301 57721 820676
60635 59069 838732
60723 59155 839542
60708 59140 839746
60729 59160 840024
842705
57697
75102 71879 1036563
75341 72116 1039820
75403 72231 1040493
75486 72407 1041086
76346 73126 1053492
76625 73403 1057290
76728 73559 1058525
76856 73779 1059730
1059730
71879
71902 70741 991543
71855 70694 990896
71854 70694 990889
71870 70728 991100
73407 72247 1012031
73360 72200 1011391
73364 72204 1011448
73392 72251 1011832
1014195
70694
61166 59915 849320
61218 59967 850027
61267 60015 850283
61311 60119 850473
62637 61391 869288
62704 61458 870195
62721 61475 870030
62784 61598 870484
877232
59915

Annual Carbon
Emissions, Mg

Min.PV > Min.PV No PV Min.PV > Min.PV
807344 785831 159
156
152
807795 786281 159
156
152
807843 786317 159
156
152
807682 786160 159
156
152
825853 804523 164
161
157
827054 805702 164
162
157
826852 805495 164
161
157
827125 805762 164
161
157
165
785831
152
1022889 978986 227
224
214
1026141 982222 227
224
214
1026992 983788 227
224
215
1028124 986178 228
225
216
1039831 995973 231
228
218
1043624 999750 232
229
219
1045037 1001876 232
229
220
1046778 1004864 233
230
221
233
978986
214
979308 963505 210
207
204
978660 962854 210
207
204
978656 962855 210
207
204
978867 978867 210
207
204
999801 984004 214
211
208
999160 983361 214
211
208
999219 978867 214
211
208
999604 978867 214
211
208
215
962854
204
833088 816045 164
161
158
833797 816756 164
161
158
834454 817408 164
161
158
835054 818824 164
161
158
853123 836149 170
167
164
854028 837052 169
166
163
854263 837283 169
166
163
855127 838962 169
166
163
171
816045
158

From this table, the most energy-efficient combinations are indeed the most
interesting data to analyze in order to obtain the main conclusions of the study.
However, first, it is interesting to expose the specific results of the Window-to-Wall ratio
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variable (WWR), as in the next conclusions chapter a possible explanation of the
variation in these results is pursued. Figures 4.1, 4.2, and 4.3 show the differences of
EUI values when 10% of WWR or 20% of WWR is adopted. In the results table these
values correspond to the combinations 1, 5, 11, 15, 21, 25, 31, 35, 41, 45, 51, 55, 61,
65, 71, 75, 81, and 85. All are South-oriented (180º N), and with no photovoltaic system
installed. The symbols 2F, 3F, and 4F correspond, respectively, to 2 floors, 3 floors, and
4 floors.

Figure 4.1 Window-to-wall ratio results for the cubical shape.
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Figure 4.2 Window-to-wall ratio results for the rectangular shape.

Figure 4.3 Window-to-wall ratio results for the L-shape.

Next, the most energy-efficient combinations, whose total values can be also
observed in table 4.2, are detailed in the following charts. They are the ones matching
Appendix G matrix numbers 10, 20, 30, 40, 50, 60, 70, 80, and 90. The respective
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values for Energy Use Intensity, annual cost, lifecycle cost, and annual carbon
emissions are exposed.

Figure 4.4 Energy Use Intensity of the most energy-efficient combinations.

Figure 4.5 Annual energy cost of the most energy-efficient combinations.
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Figure 4.6 Lifecycle cost of the most energy-efficient combinations.

Figure 4.7 Annual carbon emissions of the most energy-efficient combinations.

Finally, the following charts help answer the last research question: << Do
technological solar contribution and insulation requirements in the Spanish/Catalan
building code affect these combinations on sustainability and energy savings? >>.
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The Spanish standards (Código Técnico de la Edificación, and Generalitat de Catalunya
Decree of Eco-efficiency) demand a minimum solar contribution for Domestic Hot Water
(DHW). The calculation regarding the minimum solar surface needed to cover the
energetic demand to DWH heating can be found in Appendix D. On the other hand,
these standards also require a compliance regarding a minimum U-value of the building
envelope. The Decree of Eco-efficiency by Generalitat de Catalunya, the most restrictive
in this case, states that the building envelope has to have a U factor or value ≤ 0.70
W/m2K. For the case where the building meets the requirement a U of 0.27 W/m2K has
been adopted in this study. On the contrary, a U of 0.98 has been adopted for a building
not meeting the building code compliance. In the latter the air chamber is deleted, in
spite of technically still complying with the CTE’s design solution where only one high
resistance barrier to filtration is needed (either an air chamber with insulation or a
waterproof insulation layer). The waterproof insulation layer is chosen, the thickness is
reduced, and the material is changed to expanded polystyrene (EPS). Now the minimum
thickness for the insulation 2 cm is not satisfying the regulation parameter. The thickness
of 2-3 cm, which in the past was by far the most common to meet the requirements of
the obsolete NBE TC 79 legislation, is not valid under the present the CTE HE-1 rule. In
Appendix E, the detailed and proper calculations of both cases are shown, along with
the thermal characteristics and construction details.
Figures 4.8, 4.9, and 4.10 help to understand the difference between U-value
compliance and noncompliance. The combinations correspond to number 5, 15, 25, 35,
45, 55, 65, 75, and 85 in the results table, and they are being compared adopting the
same variables but changing the U-value to 0.98 W/m2K as mentioned before.
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Figure 4.8 U-value comparison for the cubical shaped.

Figure 4.9 U-value comparison for the rectangular shaped.
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Figure 4.10 U-value comparison for the L-shaped.

In conclusion, the charts below compare the different values obtained when the
prototype building do not meet the requirements with the ones when the minimum solar
cells area plus the minimum demanded U-value are used. Finally, it is also compared
when they exceed this minimum. Namely, the entire roof surface exposed to the South is
covered by a photovoltaic system, so the total solar cells area is higher. This choice is
made in regard to the needed pay-back time of the photovoltaic system, and solar
exposure. The South roof surface is where the less pay-back time and the greater solar
exposure are found, so it is the more profitable to install this active technology system.
The combinations numbers (Appendix G) for the no building code compliance are 9, 19,
29, 39, 49, 59, 69, 79, and 89.
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Figure 4.11 Energy Use Intensity comparison.

60

Figure 4.12 Annual energy cost comparison.
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Figure 4.13 Annual CO2 emissions comparison.
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4.4

Chapter Summary

This chapter exposes the results obtained after performing the energy analysis
in Green Building Studio and Revit. The information taken is the annual energy
consumption or Energy Use Intensity (EUI) in kWh/m2/year, the annual energy cost in
USD, the lifecycle energy cost (considering a 30-years life) in USD, and the annual CO2
emissions in Mg. The estimated and final values are given for all the ninety (90) studied
combinations or scenarios which description can be found in Appendix G. Secondly, bar
charts illustrate and compare the major energy saving combinations and help interpret
the best variables and parameters to take into account for designing better energyefficient hotel buildings. Finally, a comparison between the combinations which do not
meet the Spanish building code requirements and the ones that do or exceed them are
displayed. This final part allows answering the last research question of this project.
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CHAPTER 5. CONCLUSIONS AND DISCUSSION

This section provides the main conclusions and findings of this study after the
interpretation of the energy analysis results shown in Chapter 4, followed by the
responses to the research questions stated in Chapter 1. Conclusively, a final discussion
and some recommendations are presented.

5.1

Findings and Conclusions

As stated, a sensitivity analysis is conducted to determine how differently
independent variables affect the final energy consumption of a prototype hotel building.
After analyzing the results obtained from the different combinations or scenarios in the
location and climate of the Cerdanya region in Catalonia (Spain), the main findings can
be summarized as follows:
•

The analysis verifies that, as the literature states, there is indeed a correlation
between the studied bioclimatic factors of the building and its energy
consumption. In this case, in a building for hotel purposes.

•

Regarding the building shape variable, it is determined that the most convenient
shape factors in this project are the cubical-designed hotel building and the
rectangular-designed, and finally the L-shaped. Hence, it has been shown that
the building compactness shape and number of floors are certainly a very
significant factor. This is corroborating evidence about the general rule of
desirability of compactness in shape design. This study’s results show that the
more compact combinations, or with a smaller surface to volume ratio, present
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lower EUI rates and therefore more cost savings and less CO2 emissions per
year. In summary, the cubical-designed hotel with 4 floors plus the rectangulardesigned with 4 floors are the ones with less energy demand or use per m2 per
year in Cerdanya.
•

Regarding the orientation position, as the general rules that passive techniques
recommend, southward facing is the most appropriate. In general, the
combinations of this study having an azimuth or sun orientation angle of 180º
(South) present the greatest energy savings, as observed in table 4.1 in the
Results chapter. However, in this project there is also a case where a rotation of
+15º regarding the southern axis gives a slightly better performance than the
strictly south-faced solution. It is the case of L-shaped building with 3 floors. The
supposed reason is the distribution of the spaces and its windows. In
consequence, the quantity of daylight entering is higher and lowers the artificial
demand. Pachecho et al. (2012) states, as already mentioned in the literature
review, that there are many opinions regarding that the finest orientation angle is
20-30º due south, or an azimuth angle of 200-210º. Pachecho et al. (2012) also
state that 40-45º rotated angles can provide good results. The results of this
study contradict the guidelines provided by these authors, since satisfactory rates
with South-faced solutions have been obtained. Under the light of this study, their
results do not seem plausible.

•

Regarding the Window-to-Wall ratio (WWR) or percentage of glazing, in this
Subalpine climate the most appropriate is 10% (186 m2 in this case, related to
the gross floor area of the chosen hotel profile). The variation between the values
of Energy Use Intensity for these two variables is shown in figures 4.1, 4.2, and
4.3 in the previous chapter and indicates a better performance for the 10% ratio.
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Consequently, the belief that highly-glazed buildings save energy has to be
partially refuted for this location and climate. In general, the results in Cerdanya
show that with a 20% WWR (372 m2) there is no better performance; the hotel
building does not save more day lighting than it loses in heat. There is one case
against this outcome, the rectangular-designed building with 2 floors. Here the
20% WWR presents better results. The reason may be that the total length
oriented to the South is higher in this case than the one in the 3 and 4 floors
building. This allows larger openings on the first floor where there are less need
of separation walls in public areas, the restaurant, bar and TV games room.
Therefore, more solar energy gain and light are obtained. Although the margin
can be considered rather insignificant and conclude that 10%WWR is the most
opportune solution.
•

Regarding active technology, the adoption of the minimum solar contribution
required by the Spanish building code (calculations in Appendix D) does not
result in a very significant improvement in the building performance. As it can be
clearly observed in figures 4.8, 4.9, and 4.10 the rates are just slightly different.
Only an average of 3% of improvement is given when the minimum photovoltaic
system required by the code is installed. This improvement increases to 6-7%
when the system is installed in the entire South roof area. Therefore, it is
obviously noticed that the gain is indeed rising when the photovoltaic area
increases.
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Figure 5.1 Potential improvement behavior of the photovoltaic system.

•

Until now, the building combinations had had the same envelope, insulation and
U-value fulfilling the requirements of the Spanish building codes. When changing
the insulation thickness and material as well as deleting the air layer, a higher Uvalue than the one demanded for minimizing heat transfer is achieved. It can be
checked, of course, that the EUI values and costs increase. Nonetheless, the
change again is not as expected, it is not very powerful. Only an average of 2%
of improvement is gained when the U-value of the façade changes to 0.98 to
0.27 W/ m2K. Therefore, it can be concluded that it is not enough changing only
the materials and some layers as explained in the previous chapter. All the
constructive design and position should be changed to observe a difference,
while the Spanish building code has this design parameters very imposed and
does not allow that.
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5.2

Answering the Research Questions

The research questions to this project were:
•

Do bioclimatic criteria, such as shape, orientation, and envelope, influence
the energy demand of a hotel building for the Subalpine climate of
Cerdanya?

This question can be answered observing the findings of the previous section.
After the research, it can be clearly stated that these factors do influence the building
energy consumption. Including most or all of these mentioned factors and investigating
the appropriate adjustments or values can be beneficial for the net energy consumption
in hotel buildings.
This primary research question leads to a second essential question:
•

What are the best combinations among the above parameters along with
the use of active solar technology system with the aim of achieving greater
energy-efficiency in a specific hotel profile in Cerdanya?

The best combinations to achieve a greater energy-efficient hotel building in the
selected location are the ones matching Appendix G matrix numbers 10, 20, 30, 40, 50,
60, 70, 80, and 90. The rates and comparison can be observed better in figures 4.4, 4.5,
4.6, and 4.7 in Chapter 4, Results. Going into detail, as already explained, the most
compact forms are the most appropriate. In terms of shape, the cubical-designed and
rectangular-designed buildings with more compact models (4 floors) consume less
energy annually (respectively, 1,987 and 1,936 MJ/m2/year) and therefore provide
greater savings in terms of economic cost (energy cost of $56,133 and $57,697
annually), and emits less carbon to our planet’s atmosphere (145 and 152 Mg of CO2 per
year).
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Finally, the last question but not least because its significance:
•

Do technological solar contribution and insulation requirements in the
Spanish/Catalan building code affect these combinations on sustainability
and energy savings?

Both requirements indeed affect the performance of the building and the final
values of energy consumption in all the combinations. Nonetheless, a higher rate of
savings was expected as already explained in the main findings of the previous section.
In terms of active technology adoption, the photovoltaic system required for achieving
the minimum contribution for domestic hot water heating needed in the hotel profile, is
added to all the calculations. Again, the performance increases but it is not very
significant. In the cubical-shaped hotel with 4 floors (180º or +0 South oriented, 10WWR)
the difference between no photovoltaic system adopted and with one mounted is, for
instance, 34 MJ/m2/year (2,045 – 2,011= 34 MJ/m2/year). Obviously, when a greater
solar area is considered, less final energy is demanded in the building. In this project, it
was decided to compare the performance analyzing again the combinations with an
installed system in the entire South roof surface. The difference now between this case
and no installed system is 58 MJ/m2/year (2,045-1,987). On the other hand, the
difference between it and the minimum contribution area is 24 MJ/m2/year (2,011-1,987).

5.3

Discussion and Recommendation

Taking correct decisions in the early stages of a hotel building design must be
taken into consideration. A good designation of passive building parameters such as
the ones contemplated in this project (i.e. choosing the optimal shape, compactness,
orientation, insulation, heat transfer, and window-to-wall ratio) influence the energy
savings in the chosen location. As it is observed in this study, the appropriate
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measures of these variables within the commencing designing stage reduce the
building’s end cost. Nonetheless, it is only one step, because after interpretation of this
study’s results, it is clearly seen that the correct adoption of renewable-energy
technology and more efficient equipment is equally important.
In conclusion, the completion of this study allow us to understand the importance
of not only assessing the reduction of resources and better building materials for a
more efficient and sustainable building. The sizes, shape, orientation, functionality,
usefulness of the spaces, and so on, indicate that there is a relationship between the
design and the ratio of habitability, as input variables, and the environmental and
energy consumption performance. As initially defined, the project aims to define some
important guidelines to be considered by designers and regulators. After running the
simulations and observing the results, suggested below there are the best steps for
deciding which are the most ideal hotel building parameters to take into account for the
location of Cerdanya: (1) Design the most compact shape possible to store heat and
avoid heat loss in winter. The reason is that the weather is cold in this region during
this period of the year. Observing the simulations, the cubical shape with 3-4 floors is
the most desirable and efficient, (2) Avoid highly-glazed buildings because, as
observed, they are not appropriate for hotels in Cerdanya. A lower WWR is better at
this location; a building adopting the 10% of WWR variable performs better than with
20% WWR. (3) Orient the building toward South as is the more optimal in this region as
well. The largest number of openings should be facing south, to try to capture all the
possible solar radiation and direct light in the cold winter. Therefore, a correct
distribution of the hotel’s areas is very important since it should allow the space for the
appropriate location of the windows, (4) Design the best constructive solution for the
building envelope always with compliance with the CTE and Decree of Ecoefficiency
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standards. The lowest U-value is always preferable, but as stated before the change is
very difficult to achieve since the code has the design parameters very imposed.
Nonetheless, it is suggested to consider the higher thickness possible of the main
construction layer as well as the insulation one, in order to better thermal inertia.
Furthermore, having an air layer as a filtration barrier is appropriate because it helps in
the thermal transmittance of the envelope. Choosing a higher thickness of the main
insulation layer is also a good choice as well as the material with best, lowest thermal
conductivity. Finally, although it is not studied in this project, it is interesting to consider
choosing recycled or rapidly renewable materials, and help reduce the CO2 emissions
due to its manufacturing, and (5) Study the desirable and available amount of money to
spend on the photovoltaic system to install. A minimum contribution to Domestic Hot
Water demand is required by the building codes. However, this project also proves that
the more area of solar panels installed the more savings potential exists, both in
energy and cost of the building. Therefore, using a software such as Green Building
Studio which analyses the potential exterior surfaces for generating electricity is very
convenient. Then, an analysis about the electricity potential and its pay-back time has
to be done and choose the most appropriate solution for every case.
Finally, a recommendation should be given after completion of the last research
question of this work. It is clearly seen the importance of the ecoefficiency parameters
adoption by the Spanish building code and the influence that have in the net energy
use and potential savings. Then, one suggestion regarding further research in the
envelope’s insulation area should be given. In this project, only two possible U values
are considered, 0.27 and 0.98 W/m2K. The first one is meeting the requirements of the
normative which marks the overall heat transfer factor to be equal or greater to 0.70
W/m2K. The second one is not meeting them. Hence, it should be interesting to try to
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change the values to be able to observe if a major improvement can be achieved and if
the value of 0.70 is truly the most appropriate one to be restricted by the standards. It
would be a good idea to review and consider more strict average coefficients in terms
of thermal transmittance in the constructive solutions of the enclosures. This is aimed
specially at Decree of Eco-efficiency by Generalitat de Catalunya. The decree means
to fit the sector and give answers to the demands of the United Nations on Climate
Change and the Kyoto Protocol, therefore keeping reviewing and working towards
better solutions and requirements should be always contemplated.

5.4

Chapter Summary

In this section the main findings and conclusions from the study have been
outlined. It has been discussed the best design and active technology combinations for
a greater energy-efficient hotel building design in Cerdanya region, Spain. To sum up,
the benefits of and energy-efficient building design, along with the use of a photovoltaic
system, have been evaluated annually and for the entire life cycle of the hotel
prototype. As a result, it is clear that some of the chosen passive design parameters
and its different values have a greater impact in the final cost and energy consumption
of the building.
Finally, a discussion and also a recommendation regarding the ecoefficiency
parameters from the Spanish and Catalan decrees has been made.
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Appendix A

Hotels in Cerdanya

Table 1. Sample of the Cerdanya hotels and characteristics.
Location

Hotel Name
Ca l'Eudald
ALP
Hotel Jaume
Hotel Roca
Hotel Bellavista
BELLVER
Aparthotel Bellver
BOLVIR
Torre del Remei
Hotel Adserà
Hotel Amoretes
HG La Molina
LA MOLINA
Guitart La Collada
Hotel Supermolina
Niu dels Falcons
LA MASELLA Hotel Alp
LLES
Hotel Mirador
Aparthotels Corts
LLÍVIA
Hotel Bernat de So
MERANGES Hotel R Can Borrell
PRULLANS
Hotel Muntanya
Hotel del Lago
Hotel Park
Hotel del Prado
PUIGCERDÀ
Hotel Puigcerdà
Hotel Villa Paulita
Hotel Fontanals Golf
Hotel Husa Moixeró
PRATS
Hotel Pla del Pi

Location

Hotel Name
Ca l'Eudald
ALP
Hotel Jaume
Hotel Roca
Hotel Bellavista
BELLVER
Aparthotel Bellver
BOLVIR
Torre del Remei
Hotel Adserà
Hotel Amoretes
HG La Molina
LA MOLINA
Guitart La Collada
Hotel Supermolina
Niu dels Falcons
LA MASELLA Hotel Alp
LLES
Hotel Mirador
Aparthotels Corts
LLÍVIA
Hotel Bernat de So
MERANGES Hotel R Can Borrell
PRULLANS Hotel Muntanya
Hotel del Lago
Hotel Park
Hotel del Prado
PUIGCERDÀ
Hotel Puigcerdà
Hotel Villa Paulita
Hotel Fontanals Golf
Hotel Husa Moixeró
PRATS
Hotel Pla del Pi

Stars

Price € since
1 50-100
3 50-100
2 50-100
2 50-100
1 50-100
5 250-300
3 100-150
3 100-200
4 100-250
4 150-250
3 100-200
3 90-150
3 50-100
2 50-100
3 100-150
3 100-150
2 50-100
3 50-100
3 100-150
3 50-100
3 50-100
2 50-100
5 150-200
4 300-400
3 90-150
1 50-100

Floors

Nº Rooms
4
3
5
5
3
2
2
3
5
5
3
4
4
3
2
2
2
5
2
5
3
4
2
2

Family rooms Suites EnsuiteBathroom
28 Yes
0 Yes
15 Yes
1 Yes
No
Yes
50 Yes
0 Yes
12 Yes
0 Yes
11 No
7 Yes
40 Yes
0 Yes
14 Yes
2 Yes
65 Yes
0 Yes
95 Yes
13 Yes
50 Yes
13 Yes
7 No
3 Yes
148 Yes
0 Yes
Yes
0 Yes
8 Yes
0 Yes
21 Yes
0 Yes
9 Yes
1 Yes
50 Yes
0 Yes
23 No
0 Yes
54 No
7 Yes
53 No
3 Yes
39 Yes
0 Yes
38 No
2 Yes
60 No
2 Yes
39 Yes
0 Yes
14 No
0 Yes

Services
Wifi, TV room, Games room, Meetings room, Ski storage
Wifi, TV room, Games room, Ski storage, Elevator, Parking
Wifi, TV room, Games room, Ski storage, Elevator, Parking
Wifi, TV room, Games room, Meetings room, Ski storage, Elevator, Parking
Wifi, Ski st., Elevator, Parking / Apartment Kitchen, Micro, Refrig, Dishwasher
Wifi, TV room, Meetings room, Ski storage, Elevator, Parking, SPA, ExtPool
Wifi, TV room, Games room, Meetings room, Ski st., Elevator, Parking, Gym, ExtPool
Wifi, TV room, Games room, Ski storage, Elevator, Parking, Library
Wifi, TV room, Ski storage, Elevator, Parking, SPA, ExtPool, Children Club
Wifi, TV room, Games room, Ski storage, Library, Elevator, Parking, SPA, Gym
Wifi, TV room, Games room, Meetings room, Ski storage,Elevator, SPA,
Wifi, TV room, Ski storage, Parking, ExtPool
Wifi, TV room, Games room, Meetings room, Ski st., Elevator, Parking, Gym, IntPool
Wifi, TV room, Meetings room, Ski storage, Elevator, Parking,ExtPool
Wifi, TV room, Meeting room, Ski storage, Elevator, Parking, SPA, Gym, IntPool
Wifi, TV room, Meeting room, Ski storage, Parking, ExtPool
Wifi, TV room, Ski storage, Parking
Wifi, TV room, Games room, Meet.room, Ski st., Elevator, Parking, SPA, Gym, IntPool
Wifi, Meetings room, Ski storage, Parking, SPA, IntPool, ExtPool
Wifi, TV room, Games room, Meet.room, Ski st. Elevator, Parking, SPA, Gym, ExtPool
Wifi, TV room, Games room, Meet.room, Ski st., Elevator, Parking, SPA, Gym, ExtPool
Wifi, TV room, Games room, Meet.room, Ski st., Elevator, Parking
Wifi, TV room, Meeting room, Ski storage, Elevator, Parking, SPA, IntPool
Wifi, TV room, Meet.room, Ski st., Elevator, Parking, SPA, ExtPool, Golf
Wifi, TV room, Games room, Ski storage, Parking, ExtPool
Wifi, TV room, Games room, Ski storage, Parking

Restaurant
Yes
No (Bar, Breakfast)
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No (Bar, Lunch)
Yes
Yes
Yes
No (Bar)
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Km to SkiS Km to Puigcerda
8
10
10
10
10
10
17
18
16
15
13
4
2
18
0
20
0
20
9
25
1
18
1
18
0
17
35
35
20
6
22
8
27
20
22
22
15
0
13
2
15
1
14
1
15
0
11
8
10
13
10
13
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Appendix B

Typological Study

Table 1. Typological study of the present hotels’ buildings.
Construction
year

Hotel Building, Location and Characteristics

18th
Century
(1700)

Hotel Les Corts, Llívia

Hotel Bernat de So, Llívia

Hotel Can Borrell, Meranges

Characteristics
The hotels are housed in renovated farm houses that are over 300
years, and are typical of the Catalan Pyrenees. They are called
Pyrenean houses. This house or farm house is characterized by being
mostly exempt and arranged in a disorderly manner, and draws a
vaguely urban sprawl. The floor of the building is almost always square
or rectangular, with 2 or 3 stores and built with a structure of stone
walls and wooden ceilings. One of the most distinctive features of these
constructions, and generally across the Cerdanya region, is the roof.
The roof has a very steep slope to prevent snow accumulation, and
usually is finished with slate tiles.
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Table 1 continued
Early 20th
Century
(1910-1920)

Hotel Torre del Remei, Bolvir

Hotel Villa Paulita, Puigcerdà
Characteristics
These two mansions or villas were built in the early 20th Century,
following a mix of nineteenth-century and modernist style. These
styles are characterized for wanting to design a more refined looking
than those offered by industrial production, combining functionality
and beauty. Nature is considered important and they tend to have
large and beautiful gardens and belvedere towers.
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Table 1 continued

The hotels settled in those villas are isolated buildings with a cube or
rectangular shape. They have ground floor, first floor and an attic
with sloped roof finished with dark gray slate tiles.

1920-1930

Hotel Bellavista, Bellver

Characteristics
This type of building is an exception in the area and stands out for
this reason. It is has a classical style with wrought iron balconies and
has the rare feature that the roof is finished with Arab ceramic tiles. It
is a terraced building, with 5 floors, high for that time.
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Table 1 continued
1940-1960

Hotel Jaume, Alp

Hotel Roca, Alp

Hotel Ca l’Eudald, Alp
Characteristics
These three hotels are settled in villager houses.
Villager houses are another kind of buildings typical of mountain
regions in Catalonia. They are terraced buildings and draw the
appearance of the street in packed villages.
This house is characterized by having mostly a ground floor plus one
or two more floors and an open attic. As before, the structure is of
stone walls but in that case they are plastered.
The plant dimensions are rather small and develops in height
because its location in the urban core.
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Table 1 continued

Hotel Mirador, Lles
Characteristics
That hotel is located in a mountain village, near cross-country skiing
slopes. For this reason, the building tries to follow a more
mountainous style. Now, the stone walls are not plastered but the
roof is not finished with slate tiles but Arabic tiles. It is an isolated and
four-story building.
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Table 1 continued

Hotel del Lago, Puigcerdà

Hotel del Prado, Puigcerdà

Characteristics
These two hotel buildings were built imitating the style of a villa or
mansion such as the neighboring Villa Paulita, described before.
The buildings are isolated, and have rectangular or L shape with 2
floors and attic. The sloped roof is also finished with dark gray slate
tiles.
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Table 1 continued

Hotel Puigcerdà, Puigcerdà
Characteristics
This building located in the core of the capital, follows a more classic
style and at the same time trying to adopt industrial ornaments of a
modern city. It is a terraced building like most that are downtown,
with 4 floors and little attic forming a rectangular shape.
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Table 1 continued
1970-1980

Hotel Adserà, La Molina,

Hotel Supermolina, La Molina

Hotel Niu dels Falcons, La Molina
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Table 1 continued

Hotel Muntanya, Prullans

Characteristics
During this time, the style called Cerdana architecture started to
raise. Cerdana owes its name to the region of Cerdanya.
This architecture imitates the style of rural homes or Pyrenean
farmhouses mentioned at first place, with structure of stone and
balconies, windows and frames made of wood. Also it is important to
highlight its sloped roof of slate tiles. Most of these hotel buildings do
not exceed 3 or 4 floors, are also isolated, and have a cube or
rectangular shape. They are typical of the highest parts of the region,
such as the La Molina ski slopes or cross-country skiing near the
villages of Prullans and Lles.
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Table 1 continued

Hotel Alp, Masella

Hotel Park, Puigcerdà
Characteristics
These two hotel buildings move away from the Cerdà style, and want
to have a more functional and modern look. They are bigger and
higher (4 or 5 floors) and have a larger number of rooms. The shape
simulates an L in both buildings.
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Table 1 continued

1990-2010

Hotel Amoretes, La Molina

Hotel Guitart La Collada, La Molina
Characteristics
Again, these two hotel buildings have a look that differs from the
Cerdà style, but without leaving the mountain or alpine style seen in
other ski resort areas.
They are also bigger and higher, able to accommodate the skiers
and tourists in La Molina.
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Table 1 continued

Hotel HG, La Molina

Aparthotel Bellver, Bellver

Hotel Fontanals Golf, Puigcerdà
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Table 1 continued

Hotel Husa Moixeró, Prats

Hotel Pla del Pi, Prats
Characteristics
At this time of real estate and constructive boom, the Cerdà and
mountain style was really popular and demanded. These hotels were
built recreating again the Cerdana architecture. So, stone structure,
slate roof and wood frames and windows are found. Rectangular
shape is the most typical, with a maximum of 4 floors and with the
main facade facing south.
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Table 1 continued

New annex building in hotel Villa Paulita, Puigcerdà

Characteristics
The annex building in Villa Paulita’s hotel was built in 2007. It is a
two-story building where rooms are located, and recreates the style
of the villa without overshadowing the existing one.

Table 1. Typological study of the sample hotel buildings.

In conclusion, formerly, the style and distribution of the building differs according
to its location; in a little mountain village or on a bigger one on the plain such as
Puigcerdà or Bellver. Nowadays, the actual style tends again towards the Cerdan
architecture. It imitates a rustic style from the Pyrenean farms or manor houses: Stone
walls, pitched slate roof normally finished with dark gray slate tiles, and wooden windows
and balconies. This is typical from the region and it is the most demanded and popular.
Many homes and buildings built in recent years follow this style. Moreover, in Cerdanya,
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these hotel buildings have the trend of normally not exceeding the height over 4 floors.
Depending on the location and period of time we can find from 2 to 4 story-buildings.
However, a couple of buildings with 5 floors has been found, but it is not an standard.
Therefore, it is not considered relevant to take into account in the combinations. Another
feature that all the buildings share is the orientation of the main façade towards South.
Here the openings (windows and balconies) are bigger compared with the rest. To the
North tend to be smaller because the importance of energy saving. Regarding the
building shape, it can be observed that there are plenty of rectangular and L-shaped
buildings, and also some cubic forms.
As a result, for not deviating much from the style and good choices of the region,
the hotel prototype do not exceed a height of 4 floors, and the roof is pitched and
finished with dark gray slate tiles. The slate being a type of rock usually darker, the
incidence of sunlight causes its temperature to rise several degrees above the air
temperature thereby helping the interior temprature during the winter in cold regions
such as the Cerdanya.
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Appendix C Minimum Technical Requirements and Surface Areas

Decree 159/2012 of tourist accommodation: Minimum technical requirements;
This decree aims to establish the minimum requirements for the tourist accommodations
in Catalonia, Spain. In the case of hotels it varies by category or ranking. The options
are Luxury or 5, 4, 3, 2 and 1-star. Table 1 summarizes these requirements.

Table 1. Minimum technical requirements for hotel accommodations in Catalonia
(Generalitat de Catalunya, Decree 159/2012).
In HOTELS

Hotel Category
Luxury

Elevator
From 2 levels (1 floor or more)
From 3 levels (2 floors or more)
From 4 levels (3 floors or more)
Minimum net floor area in m2 per
seat in restaurant, bar, lounges...
HVAC in common areas
HVAC in guest rooms
Cool and hot water
Restrooms in common areas
Minimum net or useful surface
area in m2 for reception or lobby
TV in the guest rooms
Breakfast service
Bar service
Dinning service or restaurant
Laundry service
Guest rooms
Doubles, min. net floor area m2
Minimum number of doubles
Family, min. net floor area m2
Bathrooms, min.net floor area m2

5*

4*

3*

2*

1*

2.5

2.5

2

1.5

1.2

1

10

10

10

10

10

10

16.5
75%
25
5

16
75%
25
5

15
75%
23.5
4.5

14
75%
22
4

13
50%
20.5
3.5

11
25%
17.5
3.5
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The hotel profile, which will serve as a prototype to perform the simulations, is
chosen once an explanatory and thematic research in the hotel industry of Cerdanya is
done. The fulfilling of the previous standards in table 1 are required and taken into
account while defining the prototype and its variables or values. Below there are the
basic calculations to define the minimum surface area of different hotel rooms:
Guest Rooms
•

Double room: 14 m2  14 m2 * 40 rooms = 560 m2
with ensuite Bathroom: 4 m2  4 m2 * 40 rooms = 160 m2

•

Family room: 22 m2  22 m2 * 10 rooms = 220 m2
with ensuite Bathroom: 4 m2  4 m2 * 10 rooms = 40 m2
Total useful surface area of the guest rooms is 980 m2.

Services and facilities
Minimum net floor or useful surface area in m2 per seat in restaurant, bar,
lounges, etc. in a 3-star hotel is 1.5 m2.
•

Restaurant for 80 people. After an exploratory analysis of the sample of
restaurants in the hotel’s sample in Cerdanya, it has been observed that
there is a central tendency of 12-15 tables per restaurant. Each table can
accommodate approximately 5 people.
1.5 m2 * 80 people = 120 m2

•

Bar for about 30 people. The same procedure as before has been done.
1.5 m2 * 30 people = 45 m2

•

TV and games room. 1.5 m2 * 33 people = 50 m2
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Table 2. Minimum useful width for stairs (CTE-DB-SUA, 2006).
Use of the building
or area
Public concurrence and
commercial

Minimum useful width (m) ladder for > 100 people
1.10

Minimum free height between floors: Not less than 2.50 meters measured from
floor to ceiling.

Figure 1. Building’s height between floors.

Those characteristics whose have not appeared in the minimum requirements of
the Decree have been evaluated after personally observing different types of hotels with
similar characteristics and occupations than the proposed profile.

Table 3. Surface areas for the hotel profile, prototype.
Area, room
Double room with ensuite
bathroom
Family room with ensuite
bathroom
Restaurant

Surface, m2

Number

Total surface area, m2

18

40

720

26

10

260

120

1

120
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Table 3 continued
Bar
Kitchen with pantry
TV & games room
Ski storage room
Gym
Reception and office
Women restrooms in
common area
Men restrooms in common
area
Disabled restroom in
common area
Extra room
Elevator, 5 people
Stairs, 18 steps, 0.3m tread

45
45
50
12
40
38

1
1
1
1
1
1

45
45
50
16
43
38

~10-12

1

12.5

~10-12

1

12.5

≥3.70

1

5

8
2.72
5.40

3
1
1

24
2.72 per floor
5.40 per floor
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Appendix D

Minimum Solar Contribution for Domestic Hot Water Calculation

Compliance with CTE-HE4 for Energy saving and Generalitat de Catalunya
Decree of Eco-efficiency (Decret d’Ecoeficiència 21/2006):
1. Area to locate the installation: Cerdanya (Girona, Spain)
Regarding CTE-HE4 figure 3.1 corresponds to: II Climate Zone

Figure 1. Climate zones in Spain (Código Técnico de la Edificación,
CTE-HE, 2006).

2. CTE-HE4 Table 3.1 “Demand reference at 60° in a 3-star hotel: 55 liters
DHW/day at 60° per bed.
The hotel profile consists in 120 beds: 120 beds * 55 liters DHW/day at 60° per
bed = 6,600 liters DHW/day at 60° in total.
3. Minimum solar contribution in %, general case (support source of oil, natural gas
or other):

98
CTE-HE4, Table 2.1 assigns a 40% of minimum contribution for this climate
zone.
Generalitat de Catalunya Decree of Ecoefficiency assigns a 40%, as well.
4. Annual demand of DHW for the building, Da
Da= Dday*365 days/year
Da= 6,600*365= 2,409,000 liters/year
5. Annual energetic demand for DHW heating, EDHW
EDHW= Da*∆T*Ce*δ
Where ∆T= TDHW – T network = 60-12.91
Ce, specific heat of water = 0.001163 kWh/°C kg
δ, water density = 1 kg/liter
EDHW= 2,409,000*47.09*0.001163*1= 131,930.50 kWh/year
6. Annual energetic demand to be covered by solar energy, EDHW solar
EDHW solar= EDHW*Cs
Cs, minimum solar contribution in %, general case: 40%
EDHW solar= 131,930.50*0.40= 52,772.20 kWh/year
7. Needed useful area of solar collectors or cells, A solar collectors
A solar collectors = EDHW solar / I*α*δ*r
I, solar irradiation value, in kWh/m2/year. The value is extracted from the
database of the Solar Radiation Atlas of Catalonia, Atlas de Radiació Solar a
Catalunya (Institut Català d’Energia, ICAEN, 2001). The daily average value (M)
from Alp village is taken into account: M= 15.06 MJ/m2 per day.
15.06 MJ/m2/ day *365 days/year=5,497 MJ/m2 /year
5,497 MJ/m2 /year * 1kWh/3.60 MJ = 1,526.90 kWh/m2 /year
α=1, South orientation
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δ=1, no planned shadows
r= average annual yield of the installation, 0.40 as the general case for CTE-HE4
compliance α*δ*r ≥ 0.20, 1*1*0.40=0.40≥0.20

A solar collectors= 52,772.20/1,526.90*0.4= 86.40 m2 of solar collectors.
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Appendix E

Building Envelope, U-value Building Code Requirement

(1) Compliance with CTE-HS1 Healthiness and the Decree of Eco-efficiency by
Generalitat de Catalunya: The hotel profile building envelope is a conventional stone
façade with air chamber without ventilation.
1. Table 2.6 Degree of wind exposure (Cerdanya location: Wind zone C, Ground IV,
Height ≤ 15 m) give us a V3 value.
2. Entering this value to Table 2.5 Minimum degree of impermeability required to
the façade (Cerdanya location: Rainfall area II), a 4 value is given.
3. Table 2.7 Façade solutions conditions with a ≤ 4 without cladding are:
B2+C2+H1+J1+N1, B2+C2+J2+N2, and B2+C1+H1+J2+N2. Now these conditions are
briefly described for better understanding. The complete characteristics can be found in
the CTE-HS1 document (available in www.codigotecnico.org):
•

B2, provide at least one high barrier resistance to filtration.

•

C2, the main construction layer should have a high thickness.

•

H1, a low hygroscopicity material should be used for the main construction layer.

•

J1, the main construction layer’s joints must have at least a medium resistance to
filtration.

•

J2, the main construction layer’s joints must have at least a high resistance to
filtration.

•

N1, the main construction layer should have at least one coating with a medium
resistance to filtration.

•

N2, the main construction layer should have at least one coating with a high
resistance to filtration.
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The designed façade chosen for the hotel profile corresponds to a
B2+C2+H1+J1+N1 solution, so it meets the standards of the CTE-HS1. Furthermore, the
same regulation dictates a minimum thickness for the insulation of an exterior wall for
not exceeding the U-value. In zone C (Cerdanya) the value is 4 cm.

Exterior wall, hard limestone (0.15 m)
Lime mortar plaster (0.01 m)
Air chamber without ventilation (0.05 m)
Cork thermal insulation (0.05 m)
Lime mortar plaster (0.01 m)
Perforated brick interior partition

Figure 1. Constructive detail of the façade
In Autodesk Revit software the construction details and thermal characteristics of
the exterior wall are created and the thermal resistance calculated.

Figure 2. Characteristics of the building envelope complying with the standards
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U-value= 1/R =1/3.5668+0.17=0.27 W/m2K
The Decree of Eco-efficiency by Generalitat de Catalunya, the most restrictive,
states that the building envelope U-value ≤ 0.70 W/m2K: Compliance because 0.27
W/m2K ≤ 0.70 W/m2K.
(2) Compliance with CTE-HS1 Healthiness and the Decree of Eco-efficiency by
Generalitat de Catalunya: One of the research questions of this project was to know
whether and how much the insulation and U-value requirements in the Spanish and
Catalan building code affect the energy consumption and saving of the building.
Following are detailed the characteristics of a building envelope used in some
combinations which is not complying with the U-value mentioned above. The air
chamber is deleted in that case; in spite of technically still complying with the
B2+C2+H1+J1+N1 solution where only one high resistance barrier to filtration is needed
(either an air chamber with insulation or a waterproof insulation layer). The waterproof
insulation layer is chosen and the material is expanded polystyrene. However, the
minimum thickness for the insulation 2 cm is not satisfying the regulation parameter. The
thickness of 2-3 cm, which in the past was by far the most common to meet the
requirements of the obsolete NBE TC 79 legislation, is not valid under the present CTE
HE-1 rule.

103

Figure 3. Characteristics of the building envelope not complying with the standards
U-value= 1/R=1/0.8466+0.17=0.98 W/m2K.
Noncompliance because 0.98 W/m2K ≥ 0.70 W/m2K.
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Appendix F

Floor Plans and 3D views with Revit

In the following table 1 the floor plans and 3D views for the different shapes of
the hotels are shown. The possibilities are cubical, rectangular and L-shaped buildings
with 2, 3, and 4 floors. The percentage of openings could be 10% or 20%. However, as
we only want to visualize or have the general idea of the distribution of the prototypes,
only one example of each is represented.

Table 1. Floor plans and 3D viewings of the prototypes

Cubical 2 Floors

3D view: South and East Façades

3D view: North and West Façades
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Table 1 continued

Floor Plan: Level 1

Floor Plan: Level 2

Cubical 3 Floors

3D view: South and East Façades

3D view: North and West Façades
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Table 1 continued

Floor Plan: Level 1

Floor Plan: Level 2 and 3

Cubical 4 Floors

3D view: South and East Façades

3D view: North and West Façades
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Table 1 continued

Floor Plan: Level 1

Floor Plan: Level 2, 3 and 4

Rectangular 2 Floors

3D view: South and East Façades
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Table 1 continued

3D view: North and West Façades

Floor Plan: Level 1

Floor Plan: Level 2
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Table 1 continued

Rectangular 3 Floors

3D view: South and East Façades

3D view: North and West Façades

Floor Plan: Level 1
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Table 1 continued

Floor Plan: Level 2 and 3

Rectangular 4 Floors

3D view: South and East Façades

3D view: North and West Façades
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Table 1 continued

Floor Plan: Level 1

Floor Plan: Level 2 and 4

Floor Plan: Level 3
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Table 1 continued

L-shape 2 Floors

3D view: South and East Façades

3D view: North and West Façades
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Table 1 continued

Floor Plan: Level 1

Floor Plan: Level 2
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Table 1 continued

L-shape 3 Floors

3D view: South and East Façades

3D view: North and West Façades

Floor Plan: Level 1
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Table 1 continued

Floor Plan: Level 2 and 3

L-shape 4 Floors

3D view: South and East Façades

3D view: North and West Façades

116

Table 1 continued

Floor Plan:Level 1

Floor Plan: Level 2, 3 and 4
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Appendix G

Matrix of the Chosen Combinations

Table 1. Matrix of the chosen combinations being simulated.
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Table 1 continued

